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Extended abstract
Scientific Motivation
High-resolution weather forecast is still affected by errors in the location and timing of the
precipitating cells especially for severe weather events in complex orography area. The
Mediterranean area is often affected by severe weather as for example that occurred over the Alps
in recent years (Rotunno and Houze, 2007; Mariani et al., 2009; Barbi et al., 2012) or in Liguria and
Lazio during the autumn of 2011 (Buzzi et al., 2014; Ferretti et al., 2012; Parodi et al., 2012;
Rebora et al., 2013), are directly (e.g., by orographic precipitation) or indirectly (e.g., by
cyclogenesis: see Tibaldi et al., 1990) related to the influence of mountain ranges on atmospheric
motions. The steep slopes of the Alps and the Apennines in the vicinity of large coastal areas of the
Mediterranean, and the sea itself that acts as a large source of moisture and heat, are the key factors
in determining the convergence and the rapid uplift of moist and unstable air responsible for
triggering condensation and convective instability processes (Benzi et al., 1997; Rotunno and
Ferretti, 2001). Heavy rainfall events are often associated with the development of intense
convective systems (Davolio et al., 2009; Melani et al., 2012), which are still not completely
understood and are notoriously difficult to predict (Weisman et al., 2008; Ducrocq et al., 2008;
Bresson et al., 2012; Miglietta and Rotunno, 2012). Moreover, within several small and densely
urbanized watersheds with steep slopes, which characterize the Italian area, precipitation events that
persist over the same area for several hours can become devastating floods in a relatively short time
(Silvestro et al., 2012; Vulpiani et al., 2012).
The accuracy of the mesoscale NWP models is negatively affected by the “spin-up” effect (Daley
1991) and is mostly dependent on the errors in the initial and lateral boundary conditions (IC and
BC), along with deficiencies in the numerical models themselves, and at the resolution of
kilometres even more critical because of the lack of high-resolution observations, beside for radar
data. Several studies in the meteorological field have demonstrated that the assimilation of
appropriate data into the NWP models, especially radar (Sugimoto et al., 2009) significantly
reduces the "spin-up" effect and improves the IC and BC of the mesoscale models. Maiello et al.
(2014, 2017) showed the positive effect of the assimilation of radar data into the precipitation
forecast of a heavy rainfall event in central Italy. The authors showed the gain by using assimilating
radar data with respect to the conventional ones. Similar results are obtained for a case of severe
convective storm in Croatia by Stanesic and Brewster (2016).
Weather radar has a fundamental role in showing three-dimensional structures of convective storms
and the associated mesoscale and microscale systems (Nakatani, 2015). Xiao and Sun (2007)
showed that, to better predict convective systems, radar observations into NWP models at high
resolution (2km) have to be assimilated. Recent researches in the meteorological area have
established that the assimilation of real-time data, especially radar measurements (radial velocities
and/or reflectivity), into the mesoscale NWP models can better predict precipitations for the next
few hours (e.g. Xiao et al., 2005; Sokol and Rezacova, 2006; Dixon et al., 2009; Salonen et al.,
2010).
The variational assimilation (3/4D-Var) of radar data will be used in this project to the aim of
improving the forecast of severe weather events.
The basic concepts of the 3D-Var and 4D-Var are the same except that the 4D-Var technique
employs an additional set of prognostic equations as a strong constraint. Moreover, the 4D-Var
minimizes a cost function that is defined over a time window, and hence it uses data at more than
one time step to produce an analysis. Since the 4D-Var technique can use a full NWP model that
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includes the time tendency term as the constraint, it can potentially be a superior technique for the
convective-scale DA because convective weather has a large temporal change that can cause
significant errors if neglected. The capability of the 4D-Var technique in radar DA was
demonstrated in several studies by Sun et al. (1991) and Sun and Crook (1997, 1998), using a
cloud-scale model with warm rain physics and its adjoint. Sun (2005) and Sun and Zhang (2008)
showed that analyses by 4D-Var radar DA successfully initialized convective storms and hence
improved their forecasts. The 4D-Var technique has been successfully used for large-scale models
and longer-term forecasts in several of the major operational centres throughout the world but high
computational cost are necessary to run a high-resolution 4D-Var system. An alternative to this
problem is the four-dimensional analysis system based on the EnKF approach, which requires much
fewer resources to develop and maintain compared to a 4D-Var system. The EnKF DA method was
applied to the convective-scale radar DA initially by Snyder and Zhang (2003). The EnKF DA
method uses a forecast ensemble to evolve and estimate flow dependent background error statistics
through the DA cycles. Zhang et al. (2004) further showed that the initial position error of a storm
can be effectively corrected by the EnKF DA cycles, producing analyses with good quality. The
ability of the EnKF in accurately analysing microphysical species associated with a multiphase ice
scheme, and in assimilating reflectivity observations, was first demonstrated by Tong and Xue
(2005) using a fully compressible cloud model and simulated radar observations. One challenge for
the application of EnKF to the convective scale is to properly account for model errors because the
nonlinear error grows rapidly in a convective system and the EnKF technique relies on the model to
produce flow-dependent error covariance.
Several studies examined methods to properly account for model errors within the EnKF system for
the convective-scale DA. Increased covariance inflation using various methods can help make the
ensemble spread more consistent with the ensemble mean error (e.g., Dowell and Wicker 2009),
while the use of multiple microphysics schemes in the forecast ensemble has also proven to be
beneficial (Snook et al. 2011).
Methodology
The WRF 3D-Var system (Barker et al., 2004), will be compared to the WRF 4D-Var system
(Huang et al., 2009) for the radar observations collected at analysis time and for a time window of
3h in case of 4D-Var. A further comparison will be done against the Data Assimilation Research
Testbed (DART) toolkit to assimilate conventional observations for several days prior to the event
to better represent the mesoscale background environment. Comparisons will be made between the
initial conditions generated using a continuously cycled DART analysis versus those drawn from
ECMWF data analysis. Thereafter, tests with and without Doppler radar assimilation over a short
window (~1 hour) will determine the impact of radar observations in a DART assimilation
framework for two cases of a heavy rainfall event in Italy. Comparisons between forecasts with 3DVar, 4D-Var and DART generated initial conditions, and with and without radar observations, will
be made to better understand the predictability of extreme rainfall events with varying observations
and assimilation methods. These set of IC and BC will be used to force WRF at high resolution over
central Italy. A two-way nested configuration will be used with the mother domain covering Italy at
3 km and the nested domain at 1 km over central Italy (fig. 1).
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Figure 1: Model domain configuration

The impact of assimilation methods will be evaluated in terms of Short-term Quantitative
Precipitation Forecasts (SQPF). In this respect three different approaches will be used: traditional,
grid to grid and spatial. The traditional approach compares the observed and forecasted rain at the
exact location through several statistical indexes, derived from a contingency table. The other
approach compares the rainfall fields using a neighbourhood technique. And lastly, the spatial
approach, identifies the spatial patterns (or objects) in observed/predicted precipitation fields and
compare them through a number of attributes, e.g. distance between centroid, area of intersection,
orientation, that are calculated on the basis of fuzzy logic. The aforementioned statistical analyses
will be performed with the Model Evaluation Tools (MET) verification package (Brown et al.
2009), developed by the National Center for Atmospheric Research (NCAR) Developmental
Testbed Center (DTC).
Resources
The computational resources will be mainly used for running the 4D-Var simulations. This
technique requires a high computational cost, since the model trajectory is simulated for the whole
assimilation window and numerical weather prediction model is used as a dynamical constraint and
therefore it is much more expensive than 3D-Var and EnKF. Therefore, we plan to perform the
three assimilation methods over the inner domain that consists of 340x319 grid points with 1km
horizontal resolution and 50 vertical levels. A total of at least six simulations will be carried out: a
control run without data assimilation, and 2 experiments for each assimilation technique, using the
conventional observations and the radar data alternatively. In order to achieve the proposed goals,
we estimate a computational cost of about 10 MSBU, considering the high complexity of 4D-Var
and a simulation period of 72h.
Testing the impact of the three data assimilation methods over the Italian territory may be relevant
for civil protection purposes. Improve the location and timing of SQPF is of fundamental
importance for the forecast of flash floods and flood events and consequently to ensure the
safeguard of human life and to adopt a series of measures aimed at preventing and reducing the
possible damages.
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Proposed work
Two cases of heavy rainfall occurred during the HyMeX campaign will be used as test cases.
Cases:
1. IOP4 HyMeX campaign (14 September 2012)
2. IOP13 HyMeX campaign (15-16 October 2012)
Involved Software
WRF
3D-Var
4D-Var
DART
Model Evaluation Tools (MET)
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