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Wind Speed Effects on Rain Erosivity

Katharina Helming*

ABSTRACT

The Kkinetic energy of rainstorms plays a paramount
role in surface sealing, runoff, and erosion processes.
Typically, the kinetic energy rate is calculated based on
terminal velocity of vertically falling raindrops. Few
studies have investigated the effect of wind speed on
raindrop velocity, rainfall energy and on inclination
angles of raindrops. This paper reports an attempt to
determine (i) the effect of wind speed on the Kinetic
energy of rainstorms, (ii) the relationships between
rainstorm intensity and wind speed, and (iii) raindrop
impact angle distributions with respect to wind speed,
inclination angle, and soil surface geometries. Rainfall
amount and wind speed were measured over 24 months.
The kinetic energy and the inclination angle of the wind-
driven rain were determined with trigonometric
functions combining the horizontal wind speed with the
vertical drop velocity. The distribution of raindrop
impact angles was determined for various soil surfaces
represented by digital elevation maps. The results
showed: 1) The rainstorm Kkinetic energy, determined
with respect to the wind speed, reached a maximum of
3.5 times the value of the kinetic energy without the wind
speed factor. On average, the portion of the raindrop
energy derived from wind speed accounted to about one
fourth of the total rain energy. 2) There was no
association between rainstorm intensity and wind speed.
3) Soil surface roughness was more important for
raindrop impact angle distribution than wind speed. The
results suggest that wind speed has considerable effects
on rainstorm energy, and thus impacts surface sealing
and soil erosion processes.

INTRODUCTION

Rainstorm kinetic energy and rainstorm intensity are
predominant factors contributing to surface sealing, runoff,
and soil erosion processes (Renard et al., 1997). The
determination of values for both parameters is therefore of
paramount importance for runoff and erosion prediction
purposes. Rainstorm intensity can be measured directly with
a rain gauge connected to a data logger. Rainstorm kinetic
energy, as a function of the mass and terminal velocity of
raindrops, is more difficult to determine. Typically,
rainstorm energy is calculated based on measurements of the
relation between rainstorm intensity, raindrop size
distribution, and raindrop velocity (Renard et al., 1997).
Although Laws and Parsons (1943), as well as Wishmeyer
and Smith (1958), emphasized the importance of wind speed
on drop velocity and rainstorm kinetic energy, most studies

have based rainstorm kinetic energy values on the terminal
velocity of vertically-falling drops without incorporating the
effect of wind speed on the drop velocity. Only a few studies
have dealt with the relationships between rainstorm
intensity, wind velocity, and rainstorm energy (Disrud,
1970; De Lima, 1990, Pedersen and Hasholt, 1995).

Wind speed affects not only the rainstorm kinetic energy,
but also the directional tilt of the raindrops, which in turn
determines the angle of raindrop impact on the soil surface.
The degree at which the raindrop makes contact with the soil
surface is of importance for the compaction and surface
sealing processes, which are predominantly affected by the
normal component of the raindrop impact force (Linden et
al. 1988; Helming et al. 1993). In the case of vertically-
falling rain, soil surface roughness and the surface gradient
determine the distribution of the angles of raindrop impact
and influence the relation between the normal and tangential
impact forces (Helming et al., 1993). In the case of wind-
driven oblique rain, the directional and inclination angle of
raindrops, as well as the soil surface aspect, are additional
factors, which influence the angle of raindrop impact
(Sharon et al., 1988; De Lima, 1989). As a result, detailed
analyses combining temporally high resolution rainstorm
and wind speed measurements with spatially high resolution
surface roughness measurements are required to determine
the effect of wind speed on the normal component of the
raindrop impact forces relative to the soil surface conditions.

The objective of this study was to analyze the relation
between rainstorm intensity, wind speed, and rainstorm
kinetic energy based on high resolution rainstorm and wind
speed measurements through a very simple approach, as well
as to determine the normal component of the raindrop
impact forces for different degrees of wind speed, soil
surface roughness, gradient, and aspect.

MATERIALS AND METHODS
Determination of the kinetic energy of wind-driven
rain

Rainstorm and wind speed measurements were carried
out during a two-year period (1997 -1998) on an
experimental field station at the Center for Agricultural
Landscape and Land Use Research (ZALF) in Miincheberg,
Germany. The mean annual precipitation is about 540 mm in
this area with a maximum in July and August (Krumbiegel
and Schwinge 1991). Rainstorm measurements were carried
out at 10-minute intervals at 1 m above surface height using
a standard rain gauge (WMO-norm), which covers a 0.02 m?
surface area, and a 0.1 mm resolution-tipping bucket as a
rainfall registration device. The wind speed was measured at
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2 m above the soil surface in 10-minute intervals.

The analysis of rainfall and wind speed data was based
on the 10-minute interval measurements, which were
summarized to rainstorm events according to the procedure
described in RUSLE (Renard et al., 1997). The rainstorm
kinetic energy of vertically falling rain was determined by:

E=0.5«R*TV? (1)

With: E = kinetic rainstorm energy for vertical rain (J m™
mm R™7), R = Rainfall amount (mm), TV = vertical raindrop
velocity (m s™). Since the drop velocities could not be
measured in this study, TV was held constant at 6.5 m s or
the terminal velocity of an approximately 2 mm diameter
raindrop in motionless air (Gunn and Kinzer, 1949; Dingle
and Lee, 1972). According to Laws and Parsons (1943) and
Joss and Gori (1976), a 2 mm drop size is the median size in
rainstorms of around 10 to 30 mm h™' intensity.

For wind-driven rain, raindrop velocity was calculated
based on the hypotenuse of the vertical drop velocity vector
and the horizontal wind speed vector. The kinetic energy of
wind-driven rain was then:

EW =0.5%R+(TV>+WV?) )

With: EW = kinetic energy of wind driven rain (J m™
mm R™), WV = wind velocity (m s™). The inclination angle
() of the raindrop relative to the vertical direction was
defined as:

o= arctan(ﬂ] 3)
v

Frequency distributions of and regression equations
between E and EW were determined for the 10-minute
interval measurements as well as for the rainstorm events.

Determination of raindrop impact angle
distributions
The distribution of raindrop impact angles and the normal
component of raindrop impact forces was determined with
respect to the gradient, aspect, and roughness of the soil
surface based on high resolution digital elevation models
(DEMs). The DEMs were obtained for 0.2 m? areas using a
laser scanner (Helming, 1992) with 2 mm grid spacing and
0.2 mm vertical resolution. A grid spacing of 2 mm was

chosen because of its correspondence with the assumed 2
mm drop size. The laser measurements were carried out after
seedbed preparation at two locations along a cultivated field
near the weather station. The random roughness (RR)
(Zobeck and Onstad, 1987) and specific surface area (SSA)
(Helming et al, 1998) were determined from laser
measurements to characterize soil surface roughness.

For each of the 50,000 grid cells in the DEM, the
gradient and aspect was determined by applying the so-
called D8-method (O'Callaghan and Mark, 1984). As a
result, two angles, one relative to the horizontal aspect, and
one relative to the vertical gradient defined each grid cell. In
combination with the horizontal (wind direction) and vertical
(wind speed) angle of the raindrop, the impact angle for each
grid cell and the normal component of the raindrop impact
force at this cell position could be determined using
trigonometric functions. The normal component of the
raindrop impact force at each grid cell was then summarized
for all grid cells to an area-weighted average.

RESULTS AND DISCUSSION

Wind effect on kinetic rainstorm energy

The rainfall and wind speed data of the two-year
measurement period are summarized in Table 1. Rainstorms
were recorded in 4,106 of the 105,120 10-minute
measurement intervals. The 10-minute events could be
summarized to 180 rainstorm events with a total rainfall of
1136 mm. The maximum values of rainstorm intensity, wind
speed, and rainstorm energy were greater for the 10-minute
events than for the rainstorm events representing higher
amplitude of shorter-term measurements. In total as well as
on average, the rainstorm kinetic energy (EW), determined
with respect to the wind speed, was as high as 1.3 times the
value of the rainstorm kinetic energy without the wind speed
factor (E). The maximum value of the relation between EW
and E was 3.5 for the rainstorm events and 4.7 for the 10-
minute events, respectively. According to the cumulative
frequency distribution of the relation between EW and E for
the 10-minute events, 20 % of the data was greater than 1.5
and 2.3 % was greater than 2.0 (Fig. 1).

Rainstorm intensity and related rainstorm energy per unit
time and area are the driving forces for surface sealing,

Table 1: Rainstorm characteristics of 10-minute measurement intervals and rainstorm
events measured in 1997 - 1998 in Northeast Germany.

10-min events Rain events

number of events

mean rainfall amount (mm)

max. rainfall amount (mm)

max. rainfall intensity (mm h™")

total rainfall amount (mm)

mean wind velocity (m s™)

max. wind velocity (m s™)

max. kin. rain energy E (J m?)

max. kin. rain+wind energy EW (J m?)
total kin. rain energy E (J m™)

total kin. rain+wind energy EW (J m?)
EW / E (mean)

EW /E (max.)

4106 180
0.3 6.3
13.9 61.6
83.4 45.6
1136 1136
32 3.0
12.5 10.5
294 1301
365 1509
23981 23981
31778 31778
1.3 1.3
4.7 3.5
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Figure 1: Cumulative frequency distribution of the relation between the kinetic rain+wind energy (EW) and the
kinetic rain energy (E) for 10-minute measurement intervals measured in 1997 - 1998.
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Figure 2: Relation between wind velocity and rainstorm intensity for all rainstorm events measured in 1997 - 1998.
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Figure 3: Relation between EW, E, and rainstorm amount for all rainstorm events measured in 1997 - 1998
(closed triangles), and for rainstorm events with more than 30 mm total amount measured in 1994 — 1996
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Figure 4: Relation between wind velocity, total impact force (Fr), and normal impact force of
raindrops for different slope gradients and aspects on a smooth surface.

is, therefore, whether or not rainstorm intensity is directly



related to wind speed, which would result in an exponential
increase of rainstorm kinetic energy with increasing
rainstorm intensity. This, however, did not seem to be the
case. The average values of wind speed per rainstorm event
were measured between 0 and 10.5 m s’ without any
detectable relation to the rainstorm intensity (Fig. 2).
Instead, a linear regression between rainfall amount and
rainstorm kinetic energy (EW) was determined (R? = 0.96)
(Fig. 3). Due to the limited number of 30 mm or more
rainfall events, data from 1997 and 1998 were supplemented
with rainfall measurements from three additional rainfall-
monitoring years (1994-1996) for determination of the
regression equation.

In brief, two major results can be concluded from this
section: (i) rainfall kinetic energy determined with respect to
the wind speed (EW) in relation to the rainfall kinetic energy
without the wind speed factor (E) was, on average, greater
by a factor of one-third; and (ii) the relationship between
rainfall amount and EW was linear. However, these results
used a very basic approach to determine EW based on a
constant drop size and velocity. Non-linear relationships
between amount of rainfall and EW may result when a
different distribution of drop size, as a function of rainstorm
intensity and/or wind speed, is used in the determination of
EW.

Wind effect on raindrop impact angle distribution
The processes of splash and surface sealing are
predominantly affected by the normal component of the
raindrop impact force (Helming et al., 1993, Linden et al.
1988). In the case of vertically falling rain, the distribution
of the impact angles and the resultant normal and tangential
forces are determined by the roughness of the soil surface
and the slope gradient. In the case of wind-driven oblique
rain, the raindrop direction and inclination angle, as well as
the surface aspect, are additional factors that determine the
impact angle. In the case of a smooth surface, the normal
impact force as a function of wind velocity, surface aspect,
and gradient is shown in Figure 4. With a zero degree
gradient, the normal impact force is provided by the cosine
of the inclination angle of the raindrop that is constant with
increasing wind velocity. On inclined surfaces, the normal
impact force increases with increasing wind velocity in the
case of a windward aspect, and decreases with increasing
wind velocity in the case of a leeward aspect (Fig. 4).
On natural soil surfaces, surface roughness determines the
distribution of the surface gradients at the drop impact
location. With increasing surface roughness, the proportional
area with steep gradients increases, which in turn decreases
the normal impact force, if the rain falls vertically (Helming
et al., 1993). Raindrop impact force values for two surface
roughness cases are listed in Table 2 for various wind
direction and wind velocity conditions. In the case of
vertically falling rain, the normal impact force was
calculated at 4.9 N for the rough surface (surface B) and 5.4
N for the medium rough surface (surface A), which was 75
% and 83 % of the total impact force, respectively. Again,
the proportion of normal force relative to the total force
decreased with increasing wind velocity and was the greatest

for the case of wind direction perpendicular to the slope
aspect. The resultant values of normal impact force were 68
% to 78 % of the total force for 3 m s wind velocity
(measured average of wind velocity of all rainstorm events)
and 42 % to 50 % of total force for 10.5 m s” (measured
maximum of wind velocity of all rainstorm events),
respectively. For the case of a smooth surface with the same
slope gradient, these values would have been 85 % to 95 %
and 43 % to 62 % of the total raindrop force at 3 m s and
10.5 m s wind velocities. Therefore, soil surface roughness
appeared to mitigate the effect of wind speed on the sealing
effective portion of rainstorm energy. Despite this mitigation
effect, wind speed appears to lead to a spatial
heterogeneisation of drop impact angles representing the
spatial heterogeneity of surface aspect.

CONCLUSIONS

In this study, a simple approach was conducted to derive an
initial evaluation of the importance of wind speed for
rainstorm energy. The results suggest that wind speed has
considerable effect on rainstorm kinetic energy, specifically
during short periods within rainstorm events. On average,
the portion of the raindrop energy derived from wind speed
accounted to about one fourth of the total kinetic rain
energy. Rain energy related soil processes such as surface
sealing, runoff and erosion are thus automatically affected
by wind speed. The results of this study suggest further, that
the distribution of raindrop impact angles on the soil surface,
which is an important factor for soil sealing and compaction
processes, is also affected by wind speed and wind direction,
but surface roughness seems to be the predominant factor for
impact angle distribution. The methods applied in this study
implied a number of simplifications of the otherwise
complex subject. However, the derived results justify the
performance of more sophisticated studies of the
interrelating effects between rainstorm intensity, wind speed,
drop size distribution, and rainstorm kinetic energy.
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