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Numerical simulation studies of rain gage data correction due
to wind effect
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Abstract. Investigation of the correction of rain gage measurements due to the wind effect is
described. The focus is on the effect of the temporal averaging scale on the estimation of the wind-
induced error correction. Numerically derived correction formulae for a specific class of rain gage
types, along with high temporal resolution measurements of rainfall and wind speed, are used to
perform the study. The rainfall measurements are corrected on a variety of temporal scales ranging
from 1 min to 1 month. The results showed the importance of applying the correction procedure at

a short timescale, otherwise a significant overestimation of the wind-induced bias results. The
wind-induced error is characterized by a nonlinear complex behavior dependent on wind speed,
rainfall rate, and the microphysical rain structure quantified by a drop size distribution parameter.
The estimated correction factors are found to be sensitive to the change of the drop size distribu-
tion. Finally, comparison with certain formulae reported in the literature showed a significant
random scatter of the estimated correction if it is expressed only as a function of the wind speed

and the drop size distribution characteristics are ignored.

1. Introduction

Despite recent advances in remote sensing of precipitation,
rain gage observations remain the main basis for those opera-
tional and scientific applications and analyses that require
quantification of rainfall amounts. Rain gage data are corrupted
by many sources of errors both of systematic and random nature.
Biased observations are of particular concern in regional and
global water and energy balance studies. Unbiased rainfall meas-
urements are also needed as major input components to surface
runoff and flood-forecasting hydrological models, and for cali-
bration and validation of the remote sensing techniques.

From the climate-monitoring point of view, the most impor-
tant sources of error are the systematic components dominated by
the wind effects [Sevruk, 1986]. The elevated gage body acts as
an obstacle to the airflow that gets deviated around it and accel-
erated. Trajectories of rain droplets are modified and lighter
particles are blown away, resulting in an undercatchment error of
the gage.

Various approaches have been developed and applied to esti-
mate the undercatchment error due to the wind. The most popular
approach is to use field intercomparison data measured by gages
elevated above the ground and a ground level pit gage to estimate
a correction factor as a function of the wind speed and other
meteorological factors. A summary of such studies and their
results is given by Sevruk [1986] and Sevruk and Lapin [1993].
More recent rain gage intercomparison studies have been con-
ducted by Legates and DeLiberty [1993] and Yang et al. [1998].

A numerically based approach is another possibility for the
estimation of the wind effect on the gage catchment efficiency.
Early attempts were made by Folland [1986] who used wind
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tunnel measurements of the wind flow field around the gage body
combined with a simple numerical model for computing trajecto-
ries of the rain droplets. A comprehensive study was made by
Nespor and Sevruk [1999], using the most recent computational
fluid dynamics (CFD) techniques. They simulated the wind flow
field around the gage body using a three-dimensional numerical
model with a k-g turbulence model [Bradshaw, 1978; Wilcox,
1994]. Information about the mean flow field and its turbulent
characteristics were then used to simulate the trajectories of the
rain droplets by solving the equation of motion of each individual
particle. The effect of the turbulence on the dispersion of the
droplets was also included. The same authors developed
approximate formulae to estimate the wind-induced error as a
function of gage type (body geometry), wind velocity, rainfall
intensity, and a drop size distribution parameter. This methodol-
ogy, compared to the field intercomparison approaches, presents
a fast and robust tool to quantify the wind effect on rain gage
measurements of rainfall.

Both the field intercomparison and the numerical methodolo-
gies proved that the wind-induced loss depends mainly on two
variables: the wind speed and the microphysical rain structure
(i.e., drop size distribution). Both are characterized by high tem-
poral variability, while many of the field intercomparison studies
and the resultant correction formulae are based on time-averaged
information. Sevruk and Hamon [1984] showed the significance
of the timescale on which the correction is made. They reported
significant differences when the corrections were made on semi-
daily versus monthly scale. More studies with various correction
scales can be found in the works of Sevruk [1986] and in Sevruk
and Lapin [1993]. Recently, Yang et al. {1998] performed their
correction on a daily basis. Monthly data were used by Legates
and DeLiberty [1993], who recommended to refine the correction
procedure and to develop methods that can remove the gage-
induced biases from daily as well as hourly data. Thus a question
arises: what is the appropriate temporal scale for application of
rain gage data correction schemes?
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For operational purposes it is important to understand the
impact of using time-averaged variables that affect rain gage
errors at scales such as day, month, and season on the estimation
of the measurement corrections. Such improved understanding of
the timescale effects would provide guidelines on the required
resolution of the relevant variables. The main goal of this article
is to investigate the effect of the temporal correction scale on the
estimation of the wind-induced rainfall measurement losses. We
also report on the significance and relative influence of the vari-
ous involved parameters such as wind speed and rain drop size
distribution.

In this study we use a numerically obtained error correction
formula. We study the temporal scale effect by applying the cor-
rection procedure to time-averaged experimental data collected at
very high resolution. We assume that application of the correc-
tion formulae to the very high resolution data results in negligible
error of correction factor estimates. When the same formulae are
applied to time-averaged data, an error results due to the nonlin-
ear nature of the correction equation.

This paper is organized as follows: First, we present the cor-
rection formulae and discuss their assumptions. This is followed
by a description of the experimental data used in the study. Next,
we discuss the results of the correction procedure applied at dif-
ferent temporal scales along with the sensitivity analysis of the
computed correction factors. We also include results of applying
several correction formulae found in the literature. We close with
conclusions and recommendations.

2. Methedology

2.1. Correction Formulae

As we discussed earlier, the correction formulae, based on
intercomparison methods, are only valid for certain timescales.
Some of them are suitable for daily or semidaily scales, while
others are only applicable for longer timescales. The experimen-
tal intercomparison data limit the investigations of the effect of
the temporal correction scale to the highest resolution of the col-
lected data. For example, if only daily data are collected it is not
possible to study the effect of wind and rainfall variability at the
shorter scales. Also, methods based on the field intercomparison
data require a long period of measurement to establish and per-
form the correction procedure. In contrast, a numerically derived
correction procedure is a more suitable tool for scale effect
investigation. It enables performing the correction procedure on a
wide range of temporal scales varying from minutes to months.

In the present study, we use the approximate formulae for the
wind-induced error developed by Nespor and Sevruk {1999].
Nespor and Sevruk [1999] used the results of the airflow simula-
tions to compute the trajectories of the rain droplets. Then, a
partial wind-induced error was computed for each individual drop
size as a function of the wind speed. The partial error represents
the missing amount of a hypothetical single particle size rainfall.
The partial error is estimated by computing the ratio of the num-
ber of drops with wind-modified trajectories that ended up in the
gage, to those which were supposed to be caught by the gage if
the wind field was not deformed. Nespor and Sevruk [1999]
investigated three different types of gages: the British
Meteorological Office Mk2 gage and the Hellmann and the
ASTA gages used in Switzerland. The three types have different
dimensions, but all have the shape of an upright cylinder. They
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are geometrically similar to many other gages used in operational
networks throughout the world. The estimated partial error
showed a similar behavior for the three different gage types. A
gamma-type function was fitted to the computed data of each
gage type using a nonlinear least squares method:

Bz(u)e—B_;(u) 1)

e (D.1)=P; (D
where e, is the partial wind-induced error, D is the drop diameter,
u is the wind speed, and B,, B, and P; are gage-specific coeffi-
cients which depend solely on the wind speed and which were
obtained by the nonlinear fitting of the computed data. Equation
(1) is only applied for drop sizes larger than a lower limit below
which the partial wind-induced error is set to unity. Drops
smaller than the lower limit are all blown away from the gage
orifice. ‘

In the present study, we use the formulac developed for the
Mk2 gage. This does not restrict our results to that particular gage
type because our focus is on the qualitative behavior of the cor-
rection procedure as a function of the timescale. Since the
formulae of the three gages, investigated by Nespor and Sevruk
[1999], were different only in the geometry-related fitting coeffi-
cients, the choice of the gage type becomes unimportant for the
purposes of this study. Our results can be extended to other gage
types as long as they have a similar geometry and operational
principles.

To calculate the undercatchment error, Nespor and Sevruk
[1999] integrated the partial error evaluated by (1) over a given
rainfall drop size distribution. This yields the total amount of the
missing rainfall rate R .

o0

R'(wRK) =% [e,(D.uN(D,R D> v(D)dD @)
0

where R” is the missing rainfall, R is the true rainfall rate, N is the
number of drops per unit volume and unit drop size, and v is the
drop falling velocity. The drop size distribution NM(D,Rk) is
assumed to have a gamma distribution as proposed by Ulbrich
[1983] and can be expressed as a function of drop diameter, rain-
fall rate, and a rain-type parameter k. Similarly, the falling
velocity v is also expressed as a gamma-type function of the drop
size. ‘

After obtaining the total missing amount of rainfall, the inte-
gral wind-induced error ¢; can be expressed as the ratio between
the missing rainfall rate R” and the true rate R:

*

e,~(u,R,k)=—11% 3

In (2) and (3) the true rainfall rate is used as an input parameter
that is not known a priori. Therefore an iterative procedure is
applied where the measured rate is used as the initial guess until a
convergent value is reached. The corrected rainfall rate can be
estimated by adding the measured rate to the computed missing
rate:

*
Reormected = Rmeasured + R )

We make a distinction between the true and the corrected rainfall
only to avoid implication that the corrected rain gage observa-
tions are error free. In reality, there are several other rain gage
error sources but their discussion is outside of the scope of this
study. If only wind-caused error is concerned, and the random
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error of the correction formulae (because of assumptions used in
its derivations) is ignored, the corrected rainfall is assumed equal
to the true rainfall. Accordingly, the correction factor (CF) can
be expressed as follows:

1

CF(u,Rk)=———
I-e;(u,Rk)

®

Figure 1 shows plots for the correction factor (CF) computed
by (5). Three examples are shown: (1) for the drop size distribu-
tion parameter k=-1, for orographic rain; (2) for i=I, for
thunderstorm rain; and (3) for k=4, for showers [see Ulbrich,
1983]. The high nonlinear variation of the correction factor with
the wind speed, rainfall rate, and the drop size distribution shows
the complex behavior of the wind effect and its multidimensional
dependence on the various wind and rainfall characteristics.

2.2. Experimental Data

The Towa Institute of Hydraulic Research at the University of
Iowa has operated a unique high-resolution surface meteorologi-
cal station for more than 5 years [Georgakakos et al., 1994;
Krajewski et al., 1998]. The station consists of several colocated
instruments, namely, a tipping-bucket rain gage with a 0.01 inch
resolution, optical rain gage, hygrometer, temperature sensor,
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wind speed and direction sensors, and barometric pressure sensor.
The outputs from all these sensors are continuously sampled and
archived every 2 s. However, some of the instruments have
response times longer than 2 s. For example, the optical rain gage
has a 10-s time constant. In this study, differences in instrument
response times have been accounted for. The high-resolution data
set, with the aid of the numerical correction formulae, makes it
possible to perform the correction procedure on a fine temporal
scale. Measurements of wind speed and rainfall rate for nine
warm season months of 1996 and 1997 are used in the study.
Figure 2 shows an example of rainfall and wind data for one of
the storms. Within the nine months, more than 60 rain events
were observed. The beginning and the end of an event are defined
on the basis of an interevent duration criterion of 1 hour. Figure 3
shows a frequency distribution of the 1-min rain rates, computed
from the high-resolution gage recordings, for the entire data set
used in the present study. A statistical description of the meas-
ured rain events is also shown in Figure 4. The total rainfall per
event ranged from a few millimeters to about 60 mm. The data
also include one extreme event that lasted more than 24 hours
with a total accumulation of about 250 mm. The averages of the
1-min rain rate ranged from less than 1 mm/h up to about 24
mm/h with a standard deviation in the range from 1 to 45 mm/h.
The maximum recorded 1-min rain rate was about 200 mm/h
with most of the events ranging from a few millimeters to about
100 mm/h. The duration and the frequency between the events
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Figure 1. Plots of the correction factor defined by equations (3) and (5) as a function of wind speed, rainfall

rate, and a drop size distribution parameter k.
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Figure 2. An example of the experimental data used in the present study. The measurements are every 2 s.

% F
£
4
8 10
«
(o]
@
2 10°HT
E r—
3
£ _
o _— —
g 10 _
Q -
S _
2
3
g 10"}
-
(]
D 10
fd
3
g 1
o 10"
[T ) I
0 25 50 75 100 125 150 175 200
One-Minute Rain Rate (mm/hr)
Figure 3. Frequency distribution of the l-min rain rates
computed from the high-resolution recordings of the

experimental data used in the present study. A bin size of 5 mm/h
is used.

cover a wide range of timescales. The duration of most of the
storms was of the order of few hours with a frequency of occur-
rence of a few days to a few weeks. The recorded wind speed
averaged over 1 min was as high as 15 m/s. Figure 5 shows a
scatterplot of the rainfall and the wind recordings. The 1-min rain
rate was plotted with fewer data points and in a logarithmic scale
for better clarity. Figure 5 also shows the distribution of the
recorded wind speed conditioned on the 1-min rain rate. The
conditional distribution has a stable median with respect to the
rain rates. It also shows a relatively low scatter with significant
extreme values. According to our experimental data, the wind
distribution shows similar characteristics for the no-rain situation
compared to the rainy conditions.

3. Results and Discussions
3.1. Effect of Correction Temporal Scale

To investigate the effect of the temporal averaging scale on
the estimation of the wind-induced error, a wide range of scales
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Figure 4. Statistical characteristics of the measured rain events used in the present study.

has to be considered. In this study, we performed the corrections
with the timescale ranging from 1 min up to 1 month. For each
timescale the error was estimated by applying (2) and (3). The
investigation was performed by using the optical gage data and
treating them as if they were collected by the Mk2 gage. In this
respect, we do not attempt to correct actual errors, but we simply
use our high-resolution data to illustrate the averaging scale
effect on the correction error.

The input to the correction formulae is the wind speed and the
measured rate of rainfall averaged over a certain period of time
which corresponds to the correction scale. The averaging process
is simply a linear function:

— n
Xir= ;i?;Xi ©)

i
where X is the variable to averaged, T is the averaging period,
and At is the resolution of the recorded signal. Since the experi-
mental measurements do not provide information on the rain type
and its drop size distribution and since the focus is on the effect
of the temporal correction scale, the drop size distribution
parameter was kept constant during the entire correction
procedure and also from 1 month to the other. However, the sen-
sitivity of the wind-induced error to the change of the rainfail
structure, represented by the drop size distribution parameter, will
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Figure 5. Distribution of 1-min wind speed and rain rate data. The top figure shows a scatterplot. The
bottom figure shows the conditional distribution of the wind speed observations.

be considered in section 3.2. Having estimated the error associ-
ated with a certain correction scale, the missing rainfall could be
computed and accumulated for the entire month to yield an esti-
mate for the wind-induced error. This procedure was repeated for
each temporal correction scale and for the available nine months
of measurements. The results are summarized in Figure 6. In this
figure, each curve represents a certain month. In the plot the error
values obtained at the smallest scale are assumed to be the “cor-
rect” correction. This is a reasonable assumption since the
nonsteady motion effects of the drops along their trajectories
seem negligible due to small inertia involved. The drops adjust
their trajectories to wind gusts quickly, and therefore following

the temporal variability of the wind seems the most crucial aspect
of a successful application of the correction procedure.

The plotted resuits show a common trend of the behavior of
the computed error with the variation of the correction scale.
Generally, the wind-induced error increases nonlinearly with the
correction timescale. The rate of increase is higher at small
timescales of a few hours and up to 1 or 2 days, where it becomes
smaller at larger timescales. The wind-induced error continues to
increase at a lower rate for scales up to 2 weeks and then reaches
an asymptotic/equilibrium state where no significant changes are
noticed. However, some data showed a local reduction of the
computed error with the increase of the timescale. Most likely,
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represents 1 month of the corrected data. The figure on the bottom shows the computed error for the entire
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constant value of k=1 was assumed.

these represent artifacts of sampling variability. Some data did
not show a significant change in the computed error with the
change of the timescale and some oscillations were obtained at
small correction scales. The overall behavior of the wind-induced
error and its significant variation with the temporal correction
scale is due to the highly nonlinearity nature of the process of the
wind effect on the rainfall measurements. This emphasizes the
nonlinear dependence of the wind effect on the wind speed, the
rainfall intensity, and the drop size distribution. Such dependence
can be clearly seen in the structure of the correction formulae and
their plots, as was shown in Figure 1.

The general behavior of the computed wind-induced error
indicates the importance of the timescale on which the correction
is made. The increase of the correction timescale would lead to a
significant overestimation of the wind-induced error. If the meas-
urements are corrected on a daily scale instead of a few minutes
or hourly scale, the wind-induced error could be overestimated by
a factor of about 2-3 times. The error overestimation gets as high
as 5 times if the corrections were performed on a half monthly or
monthly scale. This shows a vital need for the refinement of the
correction procedure in order to obtain reliable and unbiased
rainfall estimates.
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Figure 7. Sensitivity of the computed wind-induced error to the drop size distribution characterized by the

parameter k as a function of the correction scale.

" 3.2, Sensitivity of Wind-Induced Error to Drop Size
Distribution

In the previous section, the drop size distribution was consid-
ered invariant throughout the correction procedure. In reality, the
drop size distribution changes from a storm to storm and during
the same storm. Also, the experimental measurements used in
this study showed a high temporal variability of the rainfall rate
and the wind speed during the rain event. However, the meas-
urements do not provide any information about the drop size
distribution and its temporal variability. Therefore a sensitivity
analysis is performed to investigate the dependence of the wind
effect on the drop size distribution. One month of data was con-
sidered assuming various values of the drop size distribution
parameter k. Low values of k (-2<k<2) characterize orographic
and thunderstorm rains, while higher values (up to 5) are associ-
ated with stratiform rain and showers. Figure 7 shows the values
of the wind-induced error computed for four different values of k.
For the same wind speed and rainfall rate measurements, the
computed error, with a k value of -1, is about 3 times more than it
is with a k value of 4. This shows that the error is highly sensitive
to the rain drop size distribution quantified by the parameter k.
One can also notice that the difference in the wind-induced error
computed for various values of k gets higher with the increase of
the correction timescale. To investigate the effect of the variabil-
ity of k within storms and from storm to storm, we modeled it as
a purely random variable. Holding k as a constant and treating it
as a random variable represents two extreme cases, where the real
unknown k lies somewhere in between. Modeling k as a random
variable was suggested by Chandrasekar and Bringi [1987] and
also used by Krajewski et al. [1993]. In the present study, we
consider a 1 month of the experimental data to perform the cor-
rection with random k at various scales. During the time period
that corresponds to the correction scale, k is randomly sampled at
each time the wind-induced error is computed using the error
formulae (2) and (3). A uniform distribution with an assumed
interval was used to sample k:

k=Ulkyin-*max @

The results are shown in Figure 8. The solid lines correspond to
various realizations obtained with k sampled by the uniform dis-
tribution (7), and the dotted line corresponds to the results
obtained with holding k as a constant equivalent to the average
value of the same uniform distribution.

Despite the oscillation of the computed error obtained with k
as a random variable, the general behavior is similar to the one
obtained with constant k. This indicates that even when k is not
kept constant, the wind-induced error would be overestimated for
longer integration timescales as was concluded before. Again,
this emphasizes the nonlinear dependence of the wind effect on
the drop size distribution. Information about the rainfall type,
structure, and its drop size distribution is essential to obtain a
reliable quantification of the wind effect.

3.3. Comparison With Previous Formulae

As was shown earlier, various correction formulae and models
have previously been developed on the basis of field intercom-
parison data. In the following, we compare the correction
formulae used in the present study with some of the previous
ones using the same set of the 9-month data. Legates and
DeLiberty [1993] investigated the precipitation measurement
biases in the United States where they used the following formula

to compute the correction factor of monthly rainfall
measurements:
F=_100___ ®)
100-2.12u

In (8), u is the wind speed in meters per second obtained from
mean monthly data. Recently, Yang et al. [1998] studied the
accuracy of NWS 8” standard gage where daily measurements

__were corrected using the following formula:
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Figure 8. Variation of the wind-induced error with the increase of the correction temporal scale. The solid
lines are various realizations obtained with k sampled by the uniform distribution (7). The dotted line
represents the results obtained with holding k as a constant equivalent to the average value of the same

uniform distribution.

CF =100exp(—4.606 +0.041u"%) ©)

In (9) u is the average daily wind speed in meters per second.
Both (8) and (9) use the wind speed as the only input parameter,
and they showed a significant scatter as reported in the literature.
For example, (9) was fitted using field intercomparison data with
a determination coefficient R? less than 0.3. Although these two
formulae were developed for different gages and sites and under
different meteorological conditions, it is still reasonable to use
them for comparative purposes since the comparison is not used
for validation or calibration purposes. Instead, we use it to illus-
trate the significance of including the rain rate and the drop size
distribution in the correction procedure. Figure 9 shows the val-
ues of the correction factor computed by the formulac used in the
present study plotted as a function of the wind speed only, com-
pared to the two formulae (8) and (9). We apply the correction at
two timescales: 1 min that corresponds to the timescale of the
formulae used in the present study and a daily scale that corre-
sponds to (9). No comparison was made on a monthly scale due
to the limited data set (9 months only). Figure 9 shows only a
portion of the data points for better clarity. While (8) and (9) use
the wind speed as the only input parameter, the formulae of the
present study use the wind speed, the rainfall rate, and the drop
size distribution parameter. The latter was assumed to be constant
(k=1) throughout the rain events. Although the two formulae of
Legates and DeLiberty [1993] and Yang et al. [1998] pass
through the values obtained in the present study, a significant
random scatter can be clearly noticed. This scatter indicates that
the wind effect on the rainfall measurements cannot be described
as a function of the wind speed only. It emphasizes the impor-
tance of including the rainfall intensity and the drop size
distribution as input parameters into the correction procedure. A
similar conclusion was made by Sevruk and Hamon [1984] who

reported that a relationship between the correction factor and the
wind speed only showed a large scatter and was not able to
describe the performance of the gages. They introduced an
additional input parameter that is related to the rainfall structure
and can be computed on the basis of the proportions of the small
rainfall intensity. However, a nonnegligible scatter could still be
seen in the fitted formulae of Sevruk et al. [1984]. Again, this
emphasizes the results of the present study, which indicated that
the wind-induced error of the rainfall measurements is character-
ized by a nonlinear complex performance. Such performance
may be fuily described only if information about the wind speed,
rainfall rates, and the drop size distribution during the precipita-
tion event were available at a relatively small temporal scale.

4. Future Work

The experimental data of the present study did not provide full
information about the drop size distribution where the parameter
k had to be assumed. Recently, a two-dimensional (2-D) video
distrometer has been deployed at the same experimental site of
ITHR which makes it possible, for future investigations, to incor-
porate the measured drop size distribution and its temporal
variation into the proposed numerical simulation procedure. This
would shed more light on the significance of the microphysical
rainfall structure effect and may resolve some aspects of the
complex performance of the wind effect on the rain gage
measurements.

5. Conclusions

The wind effect on the rain gage measurements was investi-
gated. A numerically based correction procedure developed for a
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Figure 9. Comparison of the current correction formulae, equations (2), (3), and (5), with previous formulae
of Legates and DeLiberty [1993], equation (8), and Yang et al. [1998], equation (9). The corrections are made
with 1-min scale (top figure) and daily scale (bottom figure). A constant value of k=1 was used.

specific class of gage types was used to evaluate the effect of the
temporal correction scale on the quantification of the wind-
induced error. The estimated wind-induced error was found to be
nonlinearly dependent on the temporal correction scale. Per-
forming the correction on relatively large timescales would lead
to an overestimation of the wind-induced error by a factor of as
high as 5 times more than if the correction was made on a smaller
timescale. On the basis of the results of the computed corrections,
an hourly scale or less is recommended for both collection and
correction of the rainfall measurements. The wind-induced error
was found to be characterized by a complex nonlinear perform-
ance which can be understood only by considering information
about meteorological variables that affect the rain gage, i.c., the

wind speed, rainfall intensity, and drop size distribution. The
latter parameter has a significant effect on the estimation of the
wind error, which was found to be sensitive to different values of
the drop size distribution parameter. This was emphasized when
comparison with previous formulae showed significant scatter if
the correction factor was expressed as a function of the wind
speed only.
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