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Operation Hydrometeors Part II

• Test ICON and polarimetric forward operator EMVORADO with respect to
C-band (X-band) observations

• Study new cases with focus on convective events and finer C-band resolution
(250m radially)

• with respect to: hydrometeor classification, hydrometeor partioning ratios,
ZDR-columns, ...
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Fusion of radar polarimetry and atmospheric modelling 25

Figure 1.14: CFADs of QVPs based on the combined observed (left) and synthetic
(right) data set at C-band of ZH (a, b), ZDR (c, d), KDP (e, f), and ρHV (g, h). Respec-
tive mean values (solid red line) and the 20th and 80th percentiles (dashed red lines)
as a function of temperature are shown in all panels and the number of samples in
each 1 ◦C temperature bin (solid blue line) in panels g and h for observations and
simulations, respectively.

Fusion of radar polarimetry and atmospheric modelling 25

Figure 1.14: CFADs of QVPs based on the combined observed (left) and synthetic
(right) data set at C-band of ZH (a, b), ZDR (c, d), KDP (e, f), and ρHV (g, h). Respec-
tive mean values (solid red line) and the 20th and 80th percentiles (dashed red lines)
as a function of temperature are shown in all panels and the number of samples in
each 1 ◦C temperature bin (solid blue line) in panels g and h for observations and
simulations, respectively.

Motivation: EMVORADO is generating too high ZDR below ML

observed synthetic

%CFADs of QVPs of ZDR 2



Median volume diameter of rain



Dm ¼ 4þ μ

3:67þ μ
D0: ð11:14Þ

Because the differential reflectivity ZDR is related to the shape of raindrop and the
shape depends on its size, ZDR is commonly used to estimate the mean or median
volume diameter (e.g., Zhang et al. 2001; Gorgucci et al. 2002; Bringi et al. 2002,
2003, 2009, 2012; Brandes et al. 2004; Matrosov et al. 2005b; Cao et al. 2008;
Anagnostou et al. 2008; Kim et al. 2010; Thurai et al. 2012). The typical average
dependencies of D0 on ZDR at S, C, and X bands reported in four different studies
conducted in various parts of the world (Fig. 11.2) are

D0 ¼ 0:171Z3
DR � 0:725Z2

DR þ 1:48ZDR þ 0:717 ð11:15Þ

from Brandes et al. (2004) (Florida, S band),

D0 ¼ 0:0436Z3
DR � 0:216Z2

DR þ 1:08ZDR þ 0:659 ð11:16Þ

from Cao et al. (2008) (Oklahoma, S band),

D0¼0:0203Z4
DR�0:149Z3

DRþ0:221Z2
DRþ0:557ZDRþ0:801 if ZDR<1:25dB

D0¼0:0355Z3
DR�0:302Z2

DRþ1:06ZDRþ0:684 ifZDR>1:25dB

�
ð11:17Þ

from Bringi et al. (2009) (Darwin, Australia, C band), and

Fig. 11.2 Average dependencies of the median volume diameter D0 on ZDR reported in four
different studies

440 11 Polarimetric Microphysical RetrievalsRaindrops from zDR [dB]

Ryzhkov and Zrnic (2019)

Median volume diameter D0 [mm] following Bringi et al. (2009):

D0 = 0.0203Z4DR − 0.149Z3DR + 0.221Z2DR + 0.557ZDR + 0.801 if ZDR < 1.25dB (1)
D0 = 0.0355Z3DR − 0.0302Z2DR + 1.06ZDR + 0.684 if ZDR > 1.25dB (2)
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ICON vs. C-band



An Efficient Radar Forward Operator and Coupling to the COSMO Model 3235

Figure 1. Map of the DWD radar network (from DWD).

relations are complex and usually not unique. To this end,
DWD currently implements operationally a Localized Ensemble
Transform Kalman Filter (LETKF) system following Hunt et al.
(2007) to provide analyses for DWD’s high-resolution (2.8 km)
deterministic forecasts with COSMO-DE (Baldauf et al., 2011)
and to help to improve the initial conditions of the ensemble
system COSMO-DE-EPS (Schraff et al., 2016). Observations are
utilized in observation space, i.e. if the observed quantity is not
a prognostic model variable (e.g. reflectivity, Doppler velocity),
so-called forward operators are applied to simulate the measure-
ment process from the prognostic model fields and this allows
direct comparisons with observables. Besides, such operators can
be also very helpful for model validation and verification.

For weather radars, a few operators are already available
in published work. For instance, Krajewski and Chandrasekar
(1993) simulated radar reflectivity for realistic precipitation events
using a stochastic space–time model and a statistically generated
drop size distribution. Haase and Crewell (2000) developed a
complete radar reflectivity simulator, the Radar Simulation Model
(RSM), which used the three-dimensional prognostic fields of LM
(LokalModell, old version of the COSMO-model prior to 2005). A
more advanced tool has been presented by Caumont et al. (2006)
at Mét’eo-France, who took, among others, Doppler observations
and beam bending into account. SynPolRad, designed by Pfeifer
et al. (2008), integrated polarimetric radar quantities using T-
matrix calculations into the RSM. With respect to Doppler
velocity, Sun and Crook (1997) considered the vertical fall
speed of hydrometeors in their operator and extended it in Sun
and Crook (2001) by taking into account the beam-broadening
effect in the vertical direction. Xu and Wei (2013) derived a
prognostic equation for Doppler velocity, subject to the effects
of atmospheric refraction and earth curvature. Weighting the
fall velocity by reflectivity was introduced by Tong et al. (2008).
A further refinement regarding weighting Doppler velocity by
reflectivity can be found in (e.g.) May et al. (2007), Cheong
et al. (2008), Caumont and Ducrocq (2008) and Thompson et al.
(2012). Another sophisticated Doppler velocity forward operator
can be found in Fabry (2010), which also included pulse-pair
processing, among other improvements.

However, up to now, no forward operator has existed for
scanning weather radars for the COSMO model, which meets
the demands of both ensemble data assimilation of all stations
of weather radar networks (high efficiency–applicability on
supercomputers and online coupling to the model for efficient
data handling) and model verification (high accuracy, taking into
account e.g. attenuation, beam bending, etc., depending on radar
wavelength and station site).

To this end, the goal of the present article is to introduce
the novel comprehensive Efficient Modular VOlume scanning
RADar Operator (EMVORADO), which comprises all relevant
physical aspects (except polarization parameters so far) of weather
radar measurements in an accurate way but also offers a variety
of possible approximations/simplifications for each module. The
actual choice of options for a certain application has to consider
a balance between computational effort and physical accuracy
(inasmuch as the model sophistication approves it), such as radar
data assimilation (Snyder and Zhang, 2003) or verification of
cloud microphysical parametrizations (Pfeifer et al., 2008). The
main design criteria were:

• simulation of 3D volume measurements of radar reflectivity
and Doppler velocity in polar geometry;

• user-choosable options for each physical module, from
computationally cheap and physically inaccurate to
expensive but accurate;

• configurable for both detailed verification and data
assimilation;

• efficiency (online coupling to NWP models, Message-
Passing Interface (MPI) parallelization, use of supercom-
puters);

• possibility to simulate all stations of a large radar network
in one simulation; and

• internal consistency with assumptions about particle size
distributions of the NWP model’s cloud microphysics
scheme(s) (usually one- or two-moment bulk schemes).

The following physical processes are considered, either
optionally or with optional sub-choices:

• scattering theory, optionally Rayleigh- or Mie-scattering;
• different options for partially melted particles (‘bright

band’) about particle morphologies and refractive index
approximation;

• different options for beam propagation/beam bend-
ing/beam shielding by model orography;

• optional attenuation by hydrometeors;
• optional consideration of beam weighting function

averaging in the pulse volume, applying the effective beam
weighting function of a scanning radar;

• optional consideration of hydrometeor fall speed and
reflectivity weighting for Doppler velocity;

• optional consideration of detectable threshold values for
reflectivity and Doppler velocity measurements.

It is also worth noting that the new operator has been developed
in the COSMO model framework, but in principle it can be
coupled online to any other NWP model and run efficiently
on supercomputers through MPI parallelization. The article is
organized as follows. Section 2 briefly describes the physical
fundamentals of Doppler weather radars. In section 3, a detailed
description of EMVORADO is given in a modular manner.
Section 4 briefly introduces the COSMO model and its coupling
to the EMVORADO. In section 5, four selected case-studies are
presented, and the last section serves as a summary and outlook.

2. Physical basis

Most of this section summarizes the common knowledge of radar
meteorology which is relevant for the forward operator. It is
described in more detail in standard textbooks like Sauvageot
(1992), Doviak and Zrnić (1993) or Fabry (2015).

c© 2016 Royal Meteorological Society Q. J. R. Meteorol. Soc. 142: 3234–3256 (2016)

Data and filtering

• stratiform days: 20170719, 20170720,
20170724, 20170725, 20170726, 20170727,
20180728, 20180809, 20180923, 20181202

• use data only if:
- ML is detected and below ML
- Shannon entropy > 0.8
- ZH > 0
- ρHV > 0.7
- KDP > 0.01
- ZDR > −1

• use quasi vertical profiles (QVPs)

• temperature from ERA5

C-band network
Zeng et al. (2016)

4



07-25 00
07-25 01

07-25 02
07-25 03

07-25 04
07-25 05

07-25 06
07-25 07

07-25 08
07-25 09

UTC [mm-dd hh]

0.0

2.0

4.0

6.0

8.0

10.0

he
ig

ht
 [k

m
]

ZH (Observations)

10
5

0
5
10
15
20
25
30
35
40
45
50
60

Re
fle

ct
iv

ity
 [d

B]

07-25 00
07-25 01

07-25 02
07-25 03

07-25 04
07-25 05

07-25 06
07-25 07

07-25 08
07-25 09

UTC [mm-dd hh]

0.0

2.0

4.0

6.0

8.0

10.0

he
ig

ht
 [k

m
]

ZDR (Observations)

0.35
0.25
0.15
0.10

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.80
1.00
1.20
1.50
2.00
2.60

Di
ffe

re
nt

ia
l R

ef
le

ct
iv

ity
 [d

B]

07-25 00
07-25 03

07-25 06
07-25 09

07-25 12
07-25 15

07-25 18
07-25 21

UTC [mm-dd hh]

0.0

2.0

4.0

6.0

8.0

10.0

he
ig

ht
 [k

m
]

KDP (Observations)

2.00
1.00

0.00
0.05
0.10
0.15
0.20
0.30
0.40
0.50
0.60
0.80
0.90
1.00
1.20
1.40
1.70

Sp
ec

ifi
c 

di
ffe

re
nt

ia
l P

ha
se

 [°
/k

m
]

07-25 00
07-25 01

07-25 02
07-25 03

07-25 04
07-25 05

07-25 06
07-25 07

07-25 08
07-25 09

UTC [mm-dd hh]

0.0

2.0

4.0

6.0

8.0

10.0

he
ig

ht
 [k

m
]

hv (Observations)

0.700
0.800
0.850
0.900
0.920
0.940
0.950
0.960
0.970
0.980
0.985
0.990
0.995
1.000
1.005

Cr
os

s-
co

rre
la

tio
n 

Co
ef

fic
ie

nt
 [1

]

07-25 00
07-25 01

07-25 02
07-25 03

07-25 04
07-25 05

07-25 06
07-25 07

07-25 08
07-25 09

UTC [mm-dd hh]

0.0

2.0

4.0

6.0

8.0

10.0

he
ig

ht
 [k

m
]

D0 (Observations)

0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0
2.1
2.2
2.3
2.4
2.5

M
ed

ia
n 

vo
lu

m
e 

di
am

et
er

 [m
m

]

07-25 00
07-25 01

07-25 02
07-25 03

07-25 04
07-25 05

07-25 06
07-25 07

07-25 08
07-25 09

UTC [mm-dd hh]

0.0

2.0

4.0

6.0

8.0

10.0

he
ig

ht
 [k

m
]

ZH (Simulations)

10
5

0
5
10
15
20
25
30
35
40
45
50
60

Re
fle

ct
iv

ity
 [d

B]

07-25 00
07-25 01

07-25 02
07-25 03

07-25 04
07-25 05

07-25 06
07-25 07

07-25 08
07-25 09

UTC [mm-dd hh]

0.0

2.0

4.0

6.0

8.0

10.0

he
ig

ht
 [k

m
]

ZDR (Simulations)

0.35
0.25
0.15
0.10

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.80
1.00
1.20
1.50
2.00
2.60

Di
ffe

re
nt

ia
l R

ef
le

ct
iv

ity
 [d

B]

07-25 00
07-25 01

07-25 02
07-25 03

07-25 04
07-25 05

07-25 06
07-25 07

07-25 08
07-25 09

UTC [mm-dd hh]

0.0

2.0

4.0

6.0

8.0

10.0

he
ig

ht
 [k

m
]

KDP (Simulations)

2.00
1.00

0.00
0.05
0.10
0.15
0.20
0.30
0.40
0.50
0.60
0.80
0.90
1.00
1.20
1.40
1.70

Sp
ec

ifi
c 

di
ffe

re
nt

ia
l P

ha
se

 [°
/k

m
]

07-25 00
07-25 01

07-25 02
07-25 03

07-25 04
07-25 05

07-25 06
07-25 07

07-25 08
07-25 09

UTC [mm-dd hh]

0.0

2.0

4.0

6.0

8.0

10.0

he
ig

ht
 [k

m
]

hv (Simulations)

0.700
0.800
0.850
0.900
0.920
0.940
0.950
0.960
0.970
0.980
0.985
0.990
0.995
1.000
1.005

Cr
os

s-
co

rre
la

tio
n 

Co
ef

fic
ie

nt
 [1

]

07-25 00
07-25 01

07-25 02
07-25 03

07-25 04
07-25 05

07-25 06
07-25 07

07-25 08
07-25 09

UTC [mm-dd hh]

0.0

2.0

4.0

6.0

8.0

10.0

he
ig

ht
 [k

m
]

D0 (Simulations)

0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0
2.1
2.2
2.3
2.4
2.5

M
ed

ia
n 

vo
lu

m
e 

di
am

et
er

 [m
m

]

07-25 00
07-25 01

07-25 02
07-25 03

07-25 04
07-25 05

07-25 06
07-25 07

07-25 08
07-25 09

UTC [mm-dd hh]

0.0

2.0

4.0

6.0

8.0

10.0

he
ig

ht
 [k

m
]

D0 (q-based)

0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0
2.1
2.2
2.3
2.4
2.5

M
ed

ia
n 

vo
lu

m
e 

di
am

et
er

 [m
m

]

QVPs, 25-07-2017, Prötzel

5



07-25 00
07-25 01

07-25 02
07-25 03

07-25 04
07-25 05

07-25 06
07-25 07

07-25 08
07-25 09

UTC [mm-dd hh]

0.0

2.0

4.0

6.0

8.0

10.0

he
ig

ht
 [k

m
]

ZH (Observations)

10
5

0
5
10
15
20
25
30
35
40
45
50
60

Re
fle

ct
iv

ity
 [d

B]

07-25 00
07-25 01

07-25 02
07-25 03

07-25 04
07-25 05

07-25 06
07-25 07

07-25 08
07-25 09

UTC [mm-dd hh]

0.0

2.0

4.0

6.0

8.0

10.0

he
ig

ht
 [k

m
]

ZDR (Observations)

0.35
0.25
0.15
0.10

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.80
1.00
1.20
1.50
2.00
2.60

Di
ffe

re
nt

ia
l R

ef
le

ct
iv

ity
 [d

B]

07-25 00
07-25 03

07-25 06
07-25 09

07-25 12
07-25 15

07-25 18
07-25 21

UTC [mm-dd hh]

0.0

2.0

4.0

6.0

8.0

10.0

he
ig

ht
 [k

m
]

KDP (Observations)

2.00
1.00

0.00
0.05
0.10
0.15
0.20
0.30
0.40
0.50
0.60
0.80
0.90
1.00
1.20
1.40
1.70

Sp
ec

ifi
c 

di
ffe

re
nt

ia
l P

ha
se

 [°
/k

m
]

07-25 00
07-25 01

07-25 02
07-25 03

07-25 04
07-25 05

07-25 06
07-25 07

07-25 08
07-25 09

UTC [mm-dd hh]

0.0

2.0

4.0

6.0

8.0

10.0

he
ig

ht
 [k

m
]

hv (Observations)

0.700
0.800
0.850
0.900
0.920
0.940
0.950
0.960
0.970
0.980
0.985
0.990
0.995
1.000
1.005

Cr
os

s-
co

rre
la

tio
n 

Co
ef

fic
ie

nt
 [1

]

07-25 00
07-25 01

07-25 02
07-25 03

07-25 04
07-25 05

07-25 06
07-25 07

07-25 08
07-25 09

UTC [mm-dd hh]

0.0

2.0

4.0

6.0

8.0

10.0

he
ig

ht
 [k

m
]

D0 (Observations)

0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0
2.1
2.2
2.3
2.4
2.5

M
ed

ia
n 

vo
lu

m
e 

di
am

et
er

 [m
m

]

07-25 00
07-25 01

07-25 02
07-25 03

07-25 04
07-25 05

07-25 06
07-25 07

07-25 08
07-25 09

UTC [mm-dd hh]

0.0

2.0

4.0

6.0

8.0

10.0

he
ig

ht
 [k

m
]

ZH (Simulations)

10
5

0
5
10
15
20
25
30
35
40
45
50
60

Re
fle

ct
iv

ity
 [d

B]

07-25 00
07-25 01

07-25 02
07-25 03

07-25 04
07-25 05

07-25 06
07-25 07

07-25 08
07-25 09

UTC [mm-dd hh]

0.0

2.0

4.0

6.0

8.0

10.0

he
ig

ht
 [k

m
]

ZDR (Simulations)

0.35
0.25
0.15
0.10

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.80
1.00
1.20
1.50
2.00
2.60

Di
ffe

re
nt

ia
l R

ef
le

ct
iv

ity
 [d

B]

07-25 00
07-25 01

07-25 02
07-25 03

07-25 04
07-25 05

07-25 06
07-25 07

07-25 08
07-25 09

UTC [mm-dd hh]

0.0

2.0

4.0

6.0

8.0

10.0

he
ig

ht
 [k

m
]

KDP (Simulations)

2.00
1.00

0.00
0.05
0.10
0.15
0.20
0.30
0.40
0.50
0.60
0.80
0.90
1.00
1.20
1.40
1.70

Sp
ec

ifi
c 

di
ffe

re
nt

ia
l P

ha
se

 [°
/k

m
]

07-25 00
07-25 01

07-25 02
07-25 03

07-25 04
07-25 05

07-25 06
07-25 07

07-25 08
07-25 09

UTC [mm-dd hh]

0.0

2.0

4.0

6.0

8.0

10.0

he
ig

ht
 [k

m
]

hv (Simulations)

0.700
0.800
0.850
0.900
0.920
0.940
0.950
0.960
0.970
0.980
0.985
0.990
0.995
1.000
1.005

Cr
os

s-
co

rre
la

tio
n 

Co
ef

fic
ie

nt
 [1

]

07-25 00
07-25 01

07-25 02
07-25 03

07-25 04
07-25 05

07-25 06
07-25 07

07-25 08
07-25 09

UTC [mm-dd hh]

0.0

2.0

4.0

6.0

8.0

10.0

he
ig

ht
 [k

m
]

D0 (Simulations)

0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0
2.1
2.2
2.3
2.4
2.5

M
ed

ia
n 

vo
lu

m
e 

di
am

et
er

 [m
m

]

07-25 00
07-25 01

07-25 02
07-25 03

07-25 04
07-25 05

07-25 06
07-25 07

07-25 08
07-25 09

UTC [mm-dd hh]

0.0

2.0

4.0

6.0

8.0

10.0

he
ig

ht
 [k

m
]

D0 (q-based)

0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0
2.1
2.2
2.3
2.4
2.5

M
ed

ia
n 

vo
lu

m
e 

di
am

et
er

 [m
m

]

QVPs, 25-07-2017, Prötzel, below ML, only stratiform
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QVPs, 25-07-2017, Prötzel, below ML, only stratiform, with D0
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D0 below ML in stratiform cases, 25-07-2017, Prötzel

→ second mode in q-based (ICON) distribution,
even more pronounced by EMVORADO

6



0.0 0.5 1.0 1.5 2.0 2.5 3.0
D0 [mm]

0

1

2

3

4

5

pd
f

Histogram
D0 (Obs.)
D0 (Sim.)
D0 (q-based)

0 1 2
D0 [mm]

0

2

4

6

8

10

12

14

16

Te
m

pe
ra

tu
r [

°C
]

D0 (Observations)

0

20

40

60

80

fre
qu

en
cy

0 1 2
D0 [mm]

0

2

4

6

8

10

12

14

16

Te
m

pe
ra

tu
r [

°C
]

D0 (Simulations)

0

5

10

15

20

25

30

fre
qu

en
cy

0 1 2
D0 [mm]

0

2

4

6

8

10

12

14

16

Te
m

pe
ra

tu
r [

°C
]

D0 (q_based)

0

2

4

6

8

10

12

14

fre
qu

en
cy

D0 below ML in stratiform cases, 8 of 10 days, Prötzel

→ smaller drops in q-based (ICON) distribution which are neither in
observations or given by EMVORADO
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All radars

→ ICON gives broader distribution
→ second mode in ICON/Simulations at bigger drops
→ drop size increase below ML in ICON/Simulations 8
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All radars ZDR statistics

→ D0 Simulation pattern inherits through the ZDR
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All radars ZDR statistics with graupel filtering (i.e., a need of qg<1E-7)

→ second mode is significantly reduced due to the graupel filtering
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All radars ZDR with column graupel filtering (need of qg<1E-7 & no qg>1E-5 above)

→ however, rigorous filtering leaves some high ZDR
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Summary



Summary

→ ICON’s q-based D0 distribution is broader than the observations,

→ ICON produces unobserved second mode of higher D0 diameters (∼ 1.8mm)

→ directly below the ML, ICON’s D0 are increasing while falling

→ too high ZDR values in the simulations are mostly related to graupel

? too big snow could increase ICON’s rain drops
? apply new melting scheme in ICON

12



June, 2023 J.Steinheuer@uni-bonn.de

OPERATION HYDROMETEORS PART II
Julian Steinheuer1,2 , Velibor Pejcic1,2 , Silke Trömel1,2
1 Institute for Geosciences, Department of Meteorology, University of Bonn
2 PROM, SPP 2115, Operation Hydrometeors, Part II

mailto:J.Steinheuer@uni-bonn.de


References

Bringi, V. N. et al. (Oct. 2009). “Using Dual-Polarized Radar and Dual-Frequency Profiler for DSD Characterization:
A Case Study from Darwin, Australia”. In: Journal of Atmospheric and Oceanic Technology 26.10,
pp. 2107–2122. DOI: 10.1175/2009jtecha1258.1.

Ryzhkov, Alexander V. and Dusan S. Zrnic (2019). Radar Polarimetry for Weather Observations. Springer
International Publishing. DOI: 10.1007/978-3-030-05093-1.

Zeng, Yuefei et al. (Oct. 2016). “An efficient modular volume-scanning radar forward operator for NWP models:
description and coupling to the COSMO model”. In: Quarterly Journal of the Royal Meteorological Society
142.701, pp. 3234–3256. DOI: 10.1002/qj.2904.

https://doi.org/10.1175/2009jtecha1258.1
https://doi.org/10.1007/978-3-030-05093-1
https://doi.org/10.1002/qj.2904

	Motivation
	Median volume diameter of rain
	ICON vs. C-band
	Summary
	Appendix
	References
	References


