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The following should cover the entire project duration.

Summary of project objectives
(10 lines max)

The project had two major aims. The first was to simulate high impact weather events on different
spatial and temporal scales ranging from severe local convection to synoptic-scale systems. Recently,
also very high resolution simulations with grid sizes of 100 m for boundary layer and process studies
were performed. The forecast performance were increased by combining high-resolution modelling
with advanced data assimilation of state-of-the-art observations.

The second task was the improvement of quantitative precipitation estimation (QPE) by combining
observational methods with high-resolution modelling and data assimilation. For this purpose, the
assimilation system of WRF was extended by an observation operator for polarization radar. Its
development started during the special project and is continued afterwards.

Summary of problems encountered
(If you encountered any problems of a more technical nature, please describe them here.)

No problems encountered.

Experience with the Special Project framework
(Please let us know about your experience with administrative aspects like the application
procedure, progress reporting etc.)

No problems encountered during the application procedure, adequate workload for progress reports.

Summary of results
(This section should comprise up to 10 pages and can be replaced by a short summary plus an
existing scientific report on the project.)

The WRF-RUC system with a 1-hourly cycling of the 3DV AR was applied for model-based quantitative
precipitation estimation (QPE) for an interesting case study of a frontal passage and subsequent
development of convection. A huge data set of surface stations, radio soundings, GPS zenith total delay
water vapour estimates, satellite derived wind fields and reflectivity and radial velocities from German
and French radar systems was assimilated. The experiment demonstrated the potential of numerical
models for the estimation of precipitation. The development of the forward operator was continued and
its results were compared with the operator of the ARPS model. Finally, WRF was set-up in a
configuration with four domains down to a horizontal resolution of 111 m to simulate in more detail the
representation of atmospheric processes for different case studies.

A more detailed report is attached to the same Email
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Future plans
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The science in Quantitative Precipitation Estimation (QPE), process understanding of high-impact
weather systems and boundary layer research is continued in the second phase of the CAOS research
group funded by the German research foundation. At the moment no application for a new special
project is submitted.
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Validation and improvement of high-impact weather process
understanding in Europe with the aid of high-resolution WRF

simulations and sophisticated data assimilation (VALPUDA)

Examples of high-impact weather developing over Germany and the Mediterranean (Source: Internet)

Dr. Hans-Stefan Bauer, Prof. Dr. Volker Wulfmeyer and Dr. Thomas Schwitalla

Institute of Physics and Meteorology, University of Hohenheim, Garbenstr. 30, 70599 Stuttgart

1. Motivation

A continuous improvement of the predictive skill of models with respect to the simulation of high-impact
weather events is extremely beneficial for society and economy. Recent results of related projects of
WWRP, particularly the Research and Development Project COPS! (Wulfmeyer et al., 2011), demonstrated
the importance of high-resolution mesoscale modeling for providing reliable information down to the
relevant scales for end users such as catchments for flash flood forecasting. Errors due to the convection
parameterization can apparently be reduced by applying a convection-permitting resolution of ~3 km. It
has been clearly demonstrated that these models provide a significant advance with respect to predictive
skill and reduction of systematic errors particularly in complex terrain (e.g. Schwitalla et al., 2008;
Weusthoff et al., 2010; Bauer et al., 2011, Schwitalla et al., 2011).

According to the Strategic Plan of the WWRP Working Group on Mesoscale Weather Forecasting (MWF),
future advances in short-range NWP require a combination of high-resolution modeling on the convection-
permitting (CP) scale (of the order of 1 km) with advanced data assimilation of high-resolution
observations (WMO, 2010; Weusthoff et al., 2010; Bauer et al., 2011).

Additionally, CP models in combination with sophisticated data assimilation are a unique tool for
improving process understanding (e.g. Wulfmeyer et al., 2006; Kawabata et al.,2007; Grzeschik et al., 2008;
Zus et al., 2008; Kawabata et al., 2011; Schwitalla et al., 2011). Therefore, we are convinced that the new

1COPS: Convective and Orographically-induced Precipitation Study (http://www.cops2007.de)
1



generation of mesoscale models in combination with assimilation of new observations can be applied for
process studies over a wide range of spatial scales.
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Figure 2: Comparison of one time step during the evolution of a convective event during COPS (IOP 9c, 20 July
2007). CONTROL: WRF simulation without assimilation (only initialized with the ECMWF analysis). DWD radar:
DWD radar composite. ASSIM: WRF simulation with the assimilation of radar reflectivity from German radar
systems (Schwitalla et al., 2011).

Of particular importance is an as accurate as possible estimation of precipitation since it is required as
an input field for flood forecasting. Historically, rainfall was only measured at point locations. To get
information about the spatial distribution of rainfall, interpolation methods of different complexity (e.g.
inverse distance weighting or Kriging) were applied. However, the spatial representativeness of point
observations remains poor, especially for convective precipitation with a large spatial variability. To
overcome the problem of spatial non-representativeness of rain gauges, weather radar with its high
spatio-temporal resolution as complementary data source has been investigated for several decades.
However, there are strong limitations on any straightforward combination of radar and rain gauge
observations. This is mainly due to the indirect nature of the radar measurement, non-agreement of radar
and rain gauge sampling location and volumes as well as radar error sources like attenuation or clutter and
unknown radar Z-R relationships.

Atmospheric modeling has the potential to strengthen exactly the weak point of observation-based
approaches: It produces consistent states with respect to the 3D thermodynamic atmospheric fields, cloud
water, cloud ice, and diagnostic variables such as precipitation. An optimal combination of observational
and modeling techniques is therefore a promising approach for improving quantitative precipitation
estimation (QPE).

2. Model and Methodology

In this project, the combination of the Weather Research and Forecasting (WRF) model (Skamarock et
al., 2008) and its assimilation system WRFDA was applied to understand key processes during high impact
weather situations and for QPE research. WRFDA includes 3DVAR (Barker et al., 2012), 4DVAR (Huang et
al., 2009) as well as hybrid ensemble-variational (Wang et al., 2008a, b) capabilities. The 3DVAR system
was applied during the project.

WRFDA will be applied with as many as possible high-resolution observations. Basis for the assimilation
are the GTS observations available in the ECMWF MARS archive. They are complemented by additional
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data sets. Important for the initialization of the water vapor field are GPS data provided by the GFZ
Potsdam (ZTD) and radar reflectivity from German and French radar systems. For the accurate initialization
of the dynamics, radar radial velocities and Meteosat atmospheric motion vectors (AMV) from EUMETSAT
were assimilated. In addition satellite radiances further densify the observational network especially over
the oceans. The assimilation is performed in a so-called Rapid Update Cycle (RUC), performing several
analyses with 1 to 3 hour time intervals. The continuous inclusion of observations over several hours
ensures a better adjustment of the model to the observed situation. Figure 2 illustrates our RUC system.

Lateral boundary conditions from ECMWF analyses/forecast

T+3h T+12 T+xx hours
ECMWF BDVAR 3DVAR Free forecast
analysis +
DFI

Update low boundary Update lateral boundary conditlons

Figure 2: Setup of the Rapid Update Cycle (RUC) for case studies.

To improve the capability of the model to simulate the development of precipitation, the existing
forward operator for radar radial velocity and radar reflectivity in the WRFDA system is extended to also
be able to assimilate observations of polarization radar. This allows a better adjustment of the cloud
microphysics to the observed state, especially when 2-moment microphysics schemes, supported by the
WRF system, are applied.

The WRF model system was applied to investigate the representation of selected high-impact weather
events in Europe occurring on several temporal and spatial scales ranging from the evolution of severe
convection in orographically structured terrain of Germany or severe European winter storms. Aims were
the improvement of the process understanding and the physical representation of such systems in the
WRF model system.

Furthermore, with the assimilation of polarization data, the modeled quantitative precipitation
estimation (QPE) is expected to be improved, since the adjustment of the cloud microphysics to
observations will be beneficial for the whole process chain in the model and the development of
precipitation at its end. Within the DFG research group “Catchments As Organized Systems (CAQS), this
will be tested for several synoptic situations in a target area in Luxemburg. An additional improvement of
QPE is expected when the model results are combined with data from instrumentation deployed in the
field starting in summer 2012.

When the model is able to simulate severe weather events with high performance, a deep insight can
be achieved into the processes evolving during the development of such high impact weather systems e.g.
the simulation of mesoscale vortices and thermally induced slope flows which are important for the
development of convection.



3. Work done between 2012 and 2014

In the first year of the project, the RUC was optimized with respect to the different remote sensing systems
as GPS, radar and satellite radiances. The work plan for the high-impact weather part of the project is
illustrated in Figure 3.

ECMWF Analysis Conventional Observations
WRF DA GPS, satellite radiances
Radar data (reflectivity, radial
wind, polarization)
WRE 3 km . QPE, large-scale processes, forcing for
‘ subsequent models

WRE 1 km QPE, pr_ocess stl{dles (e.g. development of

convection), forcing for subsequent models

Figure3: lllustration of the different steps followed for the investigation of the representation of high-impact
weather events and for QPE research.

This system was applied for the simulation of high-impact weather situation on different spatial and
temporal scales. Figure 4 shows an example. Schwitalla and Wulfmeyer (2014) investigated the influence
of combining German and French radar observations (reflectivity as well as radial velocity) on the forecast
performance. As case, July 23 2007 (COPS intensive observation period 10) was selected. This was a
typical weather situation for the COPS period with a low pressure system located west of Brittany and a
high pressure ridge located over Central Europe. The constellation collected colder air masses in the upper
troposphere and advected warm and moist air masses from the Mediterranean causing a destabilization
of the atmosphere. In addition, the strong pressure gradient caused strong surface winds over France.

The system moved to the east and initiated severe convection in the western half of Germany and Eastern
France in the morning hours of 23 July. The maximum observed 3-hourly precipitation reach 35mm in the
Bordeaux area.
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Figure 4: Upper left: 3-hourly precipitation distribution
(mm) derived from the JDC precipitation data set.
Upper right: Difference model-observation (mm) for
the simulation without assimilating radar data. Lower
left: Difference model-observation (mm) for the
simulation with radar data assimilation.




It is seen that, especially in regions with good radar coverage, the short-range precipitation forecast is
improved.

For the improvement of QPE, the existing radar forward operator in the WRFDA system is extended by
the capability to assimilate polarization radar data. The development for this task started in September
2012. An important step at the beginning was the choice of the cloud microphysics scheme that provides
the microphysical variables for the derivation of the polarization radar moments. Based on our experience
from earlier case studies (e.g. Schwitalla et al., 2011), we selected the sophisticated Morrison 2-moment
scheme (Morrison et al., 2009).

As case study for the development of the operator, a severe convection case in southwest Germany was
selected. In the afternoon of June 30" 2012, supercells developed upstream of a cold front and moved
on a west-east track to the north of Stuttgart. They lead to material damage due to torrential rain and
large hail along their tracks. Such a case is important for the operator development since all types of
hydrometeors are present during the evolution of this phenomenon.

Figure 5 shows one time step during the development of the supercell as seen by radar (DWD RADOLAN
RX data and the same time step for a first WRF simulation with 1 km horizontal resolution and 57 vertical
levels.

RADOLAN RX (dBZ) 20120630 15:00 UTC soN —-
50°N
Wuerzburg
2| Ay . ey
o S 49°30'N —{
49°30'N — \ P [kt oy
e " Ansbach ¢
‘ 3 . [/
i > 49°N —
Karlsruhe % by
49°N . b .
“Stuttgart 3 P e + !
- 5 4 ¥ & ,—;‘n z
2
48°30'N — / A =
48°30'N X s
48°N 48°N — v
g
i 1
g o N €
(‘ ¥ < o > NS s w
N A NGUAIING) o, = ‘ D& e | e
! I [ ‘ 7°30'E 8°E 8°30'E 9°E 9°30'E 10°E
7°30'E 8°E 8°30'E 9°E 9°30'E 10°E 10°30'E 1°E . .
CONTOUR FROM 100 TO 1500 BY 100 Terrain Height Contours: 100 to 1500 by 100

Maximum RHetlectivity (dBZ)

[ [ T [ [

5 10 15 20 25 30 35 40 45 50 55 60
Figure 5: One time step (15 UTC) during the development of the supercell in the afternoon of June 30", 2012 as
seen by radar (DWD RADOLAN RX) (left) and in a WRF simulation initialized by ECMWF analysis data (right).

It is seen that the synoptic situation is captured. However, more thunderstorms develop in the model
simulation and the cells are simulated too far to the south. We expect to improve the representation with
the aid of data assimilation in future simulations. In the meantime we are more interested in the process
representation of the supercell evolution and the performance of the variable converter in the forward
operator for polarization radar than in its correct location.



The results of the WRF operator (Bakhshaii et al., 2014) were compared with the polarization operator
developed by Jung et al. (2008) for the Advanced Regional Prediction System (ARPS, Xue et al., 2003). To
do the comparison, the WRF results from this simulation were fed into the ARPS operator to derive the
same variables. Figure 6 compares the horizontal reflectivity derived from both operators from the same
model output.

50°N 50°N —
49°45'N — 49°45'N —|
49°30'N — 49°30'N —
49°15'N — 49°15'N —

49°N — n 49°N —| .

T 1 T I \ [ I
9°20'E 9°40'E 10°E 10°20'E 9°20'E 9°40'E 10°E 10°20'E
5 10 15 20 25 30 35 40 45 50 55

Figure 6: Comparison of the horizontal reflectivity (dBZ) derived from WRF output with the polarization
operators of WRF (left - Bakhshaii et al., 2014) and ARPS (right - Jung et al., 2008)

It is seen that the result of the two operators is almost identical suggesting that the derivation of the
polarization variables works properly in the WRF operator. During the course of 2014, different
approaches to do the variable conversion between the microphysics and the polarization moments were
tested to find the optimal configuration for the operator development. Furthermore, the spatial
interpolator from the model variables to the observation location was coded, so that the integration into
the WRF software structure remains as task for future work.

To support the model- and observation-based QPE, 2 micro rain radars and 6 disdrometers were
installed in the Attert catchment in Luxembourg. They provide continuous data since September 2012 that
is directly applied in observation-based QPE and served as validation data for model-based QPE
experiments. The strategy for the improvement of QPE in CAOS is illustrated in Figure 7.
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Figure 7: lllustration of the different steps followed for the investigation of the representation of high-impact
weather events.

Furthermore, the model configuration for the QPE experiments was refined. Figure 8 shows the model
domain setup for the model-based QPE experiments ranging from 3 km in the outer domain to 1 km. For
the simulation of a CAOS two-day case-study from 26" to 27" of September 2012 (Bauer et al., 2015), the
RUC increment was set to 1 hour. Figure 9 shows the observations selected for the assimilation.
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Figure 8: Domain configuration for the WRF-QPE experiments. Left: 3 km model domain with 681x692 grid cells.
Right: 1 km domain with 250 x 250 grid cells (red frame) in which the model-based and observation-based QPE
methods were compared. The blue frame shows a smaller verification domain focusing on Luxembourg. The
blue crosses mark the locations of the radar systems Wideumont (WD) in Belgium and Neuheilenbach (NHB) in
Germany. The green frame marks the Attert catchment.
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Figure 9: Left: Observation types and their locations for the assimilation at 00 UTC, September 26, 2012. Black =
Surface stations (SYNOP + Metar), blue = ship observations (SHIP), green = aircraft observations and atmos-
pheric motion vectors from satellite (AMDAR + SATOB), red = GPS zenith total delay, yellow = radiosondes
(TEMP) and brown = wind profiler. Right: Coverage of the different radar systems applied in the WRF
experiment.

The synoptic situation was chosen since two different weather regimes important for the estimation of
precipitation follow each other. On September 26", a frontal system passed the region of interest and
brought precipitation amounts of more than 30 mm in the CAOS region of interest. Following the cold
front, cool maritime air flooded Europe, destabilizing the atmosphere and leading to the development of
convection on the 27" of September 2012. Figure 10 shows natural color composites of the EUMETSAT
MSG satellite for 12 UTC of both days. In Figure 11, model results for one time step during the development
of the situation are presented.

Figure 10: Composite image of the Meteosat Satellite for 12 UTC, 26" September 2012 (left) and 12 UTC, 27*
September 2012 (right). (Source: NERC satellite receiving station, Dundee University, from
http://www.sat.dundee.ac.uk)
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Figure 11: Reflectivity (dBZ) of a WRF simulation only driven by the ECMWEF analysis (top left), the merged
reflectivity composite of Météo France and DWD (top right) (areas not covered by radar in grey), a simulation
assimilating everything apart from radar data (bottom left) and the simulation where all data including radar
was assimilated (bottom right) for 02 UTC, 26 September 2012.

The comparison shows that the downscaling from ECMWF reproduces the synoptic situation reasonably
represented. However, the cold front is broader than seen by the radar and it moved too fast so that the
location of the front is too far to the east. Furthermore, the development of convection to the rear of the
cold front is not simulated. Inclusion of data assimilation further broadens the front. However, the
convection behind the front is now better simulated. The representation is further improved with the
assimilation of radar data (reflectivity as well as radial velocity). The front is sharper and positioned
correctly. Even single convective elements are located correctly. A drawback of the current methodology
is that convection seems to be overstressed by the assimilation. Several reasons are possible and will be
investigated with sensitivity studies in the future to further optimize the QPE system.

At the same time, the model-based approach is compared with current observation-based methods for
the same case. Figure 12 shows an example for the same time compared above. The results also indicate
the importance of radar data assimilation. However, the model-based QPE cannot yet compete with
observation-based approaches. The reason can be manifold. Optimization of the WRF-QPE system will be
continued in the future.
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Figure 12: Hourly accumulated precipitation at 02 UTC, 26" September 2012 from different model-based (top
row) and observation-based QPE approaches (Bottom row). Top row: Left: Simulation without data assimilation;
Middle: Assimilation of all observations available apart from radar; Right: All observations assimilated. Bottom

row: Left: Spatial interpolation (Kriging); Middle: Radar; Right: Merging of Kriging and radar.

To further improve the capability for process investigations and optimize the possibility to compare the
model data with the various field data collected in the Attert catchment, the model setup was extended
to even higher resolutions down to 100 m. This was done with the inclusion of two more nests into the
model setup illustrated in Figure 3. To simulate with such fine resolution, WRF can be operated in a “Large-
Eddy simulation mode” for simulations below 200 m grid increment. Here, the turbulence
parameterization is switched-off and the majority of the energy transporting eddies are explicitly
simulated. In addition parameterizations for the non-resolved sub-grid scale eddies are available.
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Figure 13: Orography of the two innermost model domains of the WRF-LES supercell simulation with 333 m (left)
and 111 m horizontal resolution.
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The extended system was applied for the supercell case as well as the CAOS case analyzed for QPE
purposes above. Figure 13 shows the domain setup of the two innermost domains for the supercell case.
Figure 14 shows exemplary results from the two simulations.
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Figure 14: Left: 2 m temperature (°C) at 5 p.m. UTC, 26 September 2012 in a narrow valley of the northern part
of the Attert catchment. Right: Storm Relative Helicity (m?/s?) in the region of the supercell at 3:30 p.m. (UTC),
30" June 2012.

The simulations clearly demonstrate the benefits of the high resolution for detailed case study
investigations. The temperature distribution in the narrow valley in the northern part of the Attert
catchment is nicely represented. As expected, the sunny eastern slopes of the valley (sunset in the west)
experience the higher temperatures. This is what one expects — but at coarser resolution the narrow valley
is not reproduced and therefore these fine-scale details are not simulated. When looking at subsequent
time steps even the flow of cold air down the valley can be tracked.

The right panel of Figure 14 shows the storm-relative helicity (SRH) in the 333 m simulation of the
supercell case. SRH marks regions where rotation around a horizontal axis is transferred into rotation
around a vertical axis. Values larger than 400 m?2/s? are typical for the warm air inflow region into a
supercell. The white regions with almost no SRH mark the region of the rotating mesocyclone. The
simulation therefore nicely reproduce the conceptual model of a supercell.

Finally, a convection-permitting 3 km simulation for the whole year 2012 was performed to provide high-
resolution model forcing for subsequent models (e.g. hydrology) of other sub projects in the CAOS
research group. Figure 15 shows the domain configuration and Figure 16 an exemplary result of the
simulation.

12



10 . . : g 16
54o O 8 _6 _4= _2= On 2., 49 6w 8’ 10 1.2 l 54.
B e
5 /( / /ﬁ} kfg \] ambii o .
52 d—:; et 4\” . 3 Ber 52
== = * over
‘ ”)h) S p
NPEL NP : P
X ?} L/V(Lomi‘[m E
50 logne o 50
\“I/ Frafkiart
" Nu
3 , 48
48 Br’esl & Pati ancy d :
J“ UniEA~g, - :
\ Dif ~Zurigh, st )‘r\- = &
46" m ¥ Wl 4
ity _ = o L¥ghbli
“RS(\ e * s
107 g = 127 14

-6° -4 o 0 o 4° 6° 8“ 10
Figure 15: Domain configuration (black frame) for the 3 km annual WRF simulations within the CAOS project.
The red frame marks the region in which selected variables are provided to other groups of the CAOS project.
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Figure 16: Monthly precipitation sum in September 2012 in the 3 km annual WRF simulation.
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