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RELATION OF RAIN RATES AT THE GROUND AND ALOFT — A MODEL STUDY
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1. INTRODUCTION

The radar reflectivity factor Z at a certain height level
is commonly used in radar meteorology to estimate the
rain rate at the ground. Aside from other involved as-
sumptions this method only works if precipitation falls
through purely horizontal air flow and fall speeds only
depend on hydrometeor mass.

However, as noted by Battan (1976), Austin (1987),
and Atlas et al. (1995) this is not the case in general.
The precipitation rate (defined as the vertical hydrome-
teor mass flux density) is modified by convective up- and
downdrafts within the precipitation core of deep convec-
tive clouds. Besides, the lower air density aloft leads to an
enhanced precipitation rate for a given reflectivity factor
compared to standard sea level conditions.

Our paper evaluates exemplary data obtained from
mesoscale simulation case studies of single cumulonim-
bus clouds. The models contain balance equations for hy-
drometeor content p g in which selfevidently effects of a
vertical wind field w are considered. Also local variations
of the hydrometeors’ fall speed w; due to changing air
density p are included. Consequently, all information is
available in the complete model volume to calculate both
the vertical profile of rain rate R(z) and the Z—R relation
in the most general case.

2. ANALYTICAL APPROACH

The following normalized I'-type spectrum is assumed
for any hydrometeor class:
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Here, D denotes particle diameter, «y is a shape parameter,
and No, Dy are the spectral particle load and a measure
of diameter, respectively. The parameter Do can easily be
related to any specific measure of particle diameter, such
as the volume median D, = (2.67 + 7) Do. Note that
both n(D) and Ny are given in units of m~*4, or conven-
tionallyin mm™! m~2. The normalization in Eq. (1) assures
that the hydrometeor content p g does not depend on the
shape parameter v:
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with pp, denoting individual hydrometeor density. For a
complete discussion the reader is referred to Dotzek &
Beheng (2000) and Dotzek & Beheng (2001).
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2.1 Radar reflectivity factor

The radar reflectivity factor Z for spherical particles
under assumption of Rayleigh’s approximation is given by

Z = T(4)(y+5)(y +4)(y + 3)No Do

By eliminating Do using Eq. (2) we arrive at the relation-
ship between Z and pg:
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2.2 Rain rate

The precipitation rate R, or vertical hydrometeor mass
flux density is given by
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Using bulk variables this becomes
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being linked to vertical drafts, terminal fall velocity, air
density, and hydrometeor content. Subscript 00 denotes
variables at reference level.

3. MODELING CASE STUDIES

Two non-hydrostatic models were used to study storm
cells: KAMM and MM5.

3.1 KAMM model

The 3D non-hydrostatic model KAMM (Adrian & Fied-
ler, 1991, Karlsruhe Atmospheric Mesoscale Model) was
applied in a substantially revised and extended version. As
described by Dotzek (1999) it presently includes a bulk—
microphysical scheme for precipitation, cloud water, and
cloud ice. As for the analytical approach, all hydrometeor
fall speeds in the model are subject to a variation due
to density stratification according to Eq. (3) with poo =
1.225 kgm~3.

A single shower cloud was initiated by a moist and
warm air mass; the horizontal resolution of the model
was 1 km and varied in the vertical from 10 m near the
ground to &~ 500 m at the model top (18 km AGL). The
model data analyzed here were taken from the point of
maximum cloud development: the cumulonimbus top ex-
ceeded 9 km AGL and the instantaneous rain rate at the
ground was 420 mmh~1,



For warm rain microphysics, the model uses the well-
known terminal velocity formulation:
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The effects of mixed—phase precipitation were included in
the model KAMM with the simple approach by Tartaglio-
ne et al. (1996): below the freezing level Eq. (4) according
to the warm rain scheme is applied. For temperatures less
than —35 °C a constant fall speed representative of snow
or lump graupel is assumed:

’lf)t,oo(pq) =—-25ms! . (5)

For [-35°C < T < 0°C] a linear interpolation between
Egs. (4) and (5) is performed.

In a relevant range of [0.1 < R < 420] mmh~! the
data from the two asymptotic cases of rain and snow or
lump graupel collapse on a joint average relation

Z = [230 + 100] R1.51:|:0.09 , R= [18 + 7] (pq)1.14:|:0.14 .

3.2 MM5 model

We also used a 3D non-hydrostatic PennState/NCAR
MMS5 (Dudhia, 1993). The bulk microphysics scheme in-
troduced by Lin et al. (1983), Tao et al. (1989), and Tao
et al. (1993) includes prognostic equations for cloud wa-
ter, rain, snow, ice and graupel. As it is the case in the
analytical approach and for the KAMM model, all termi-
nal fall velocities for precipitation particles are subject to
air density variations.

The system studied is a supercell storm observed in
the northern Alpine foreland during the EULINOX project
(Holler et al., 2000). As described by Fehr (2000), 50 ver-
tical levels, 12 of them below 2 km AGL, were used with
a horizontal resolution of 500 m. Convection was ini-
tialized by a temperature perturbation near the ground.
The modeled cloud development corresponds in many re-
spects to the observed supercell. Averaged surface rain
rates reached values well above 200 mmh~1!, while up-
draft velocities exceeded 50 ms™!. In such environments
ordinary Z—R relations usually fail (Atlas et al., 1995).

4. DISCUSSION

Concerning Z—-R relations, even for rapidly falling hy-
drometeors the model data are very noisy and have nu-
merous outliers with high reflectivity factors at very small
precipitation rates. These result from large hydrometeor
contents within the main updraft core. For some of these
data points the rain rate is reduced by a factor of 100
compared to the rain rate in air at rest. On the contrary,
in the main downdraft within the rain shaft R is increased
only by a factor of 2 for the KAMM case.

For more intense convective clouds with higher down-
draft intensities like in the MM5 case study this range is
expanded to higher enhancement factors. But even the
moderate vertical drafts in the KAMM simulation suffice

to introduce a standard deviation of +43 % in the pref-
actor of average Z—-R relations. This noise cannot be at-
tributed to the different asymptotic relations for rain and
snow: the spread between the two curves is small for rel-
evant rain rates. As noted by Atlas et al. (1995) and ob-
vious from the present study, considering only a limited
volume of a storm to evaluate R(Z) can produce almost
any functional form.

5. CONCLUSIONS

1. Vertical air motions as well as density variations af-
fect the prefactor of standard Z—R relations by increasing
both the average value and standard deviation,

2. vertical profiles of the precipitation rate R show
considerable variations to the rain rate at the ground,

3. it is necessary to monitor the complete precipita-
tion volume of a storm to obtain reliable Z—R statistics.
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