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Abstract. This work aims to provide a comparison between three dimensional and four dimensional variational
data assimilation methods (3D-Var and 4D-Var) for a heavy rainfall case in central Italy. To evaluate the impact
of the assimilation of reflectivity and radial velocity acquired from Monte Midia Doppler radar into the Weather
Research Forecasting (WRF) model, the quantitative precipitation forecast (QPF) is used.

The two methods are compared for a heavy rainfall event that occurred in central Italy on 14 September 2012
during the first Special Observation Period (SOP1) of the HyMeX (HYdrological cycle in Mediterranean EX-
periment) campaign. This event, characterized by a deep low pressure system over the Tyrrhenian Sea, produced
flash floods over the Marche and Abruzzo regions, where rainfall maxima reached more than 150 mm24h~".

To identify the best QPF, nine experiments are performed using 3D-Var and 4D-Var data assimilation tech-
niques. All simulations are compared in terms of rainfall forecast and precipitation measured by the gauges
through three statistical indicators: probability of detection (POD), critical success index (CSI) and false alarm
ratio (FAR). The assimilation of conventional observations with 4D-Var method improves the QPF compared
to 3D-Var. In addition, the use of radar measurements in 4D-Var simulations enhances the performances of

statistical scores for higher rainfall thresholds.

1 Introduction

The aim of the modern data assimilation systems is to pro-
vide the best estimate of the initial conditions, a require-
ment for an accurate weather forecast, through the use of
huge amount of data acquired in situ or by remote-sensing.
In the last years, the classical assimilation schemes, such as
optimum interpolation (OI) or successive correction method
(SCM), have been replaced by modern techniques with varia-
tional approach, i.e. three dimensional and four-dimensional
variational data assimilation methods (3D-Var and 4D-Var).
Both methods are implemented in the Weather Research
Forecasting (WRF) model (Skamarock et al., 2008). In the
WREF 3D-Var system (Barker et al., 2004), the observations
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are collected at analysis time and no model integration is re-
quired. Therefore, analysis increment does not evolve in time
and consequently less computational resources are necessary.
In the WRF 4D-Var system (Huang et al., 2009), an exten-
sion of 3D-Var system, the observations are incorporated at
the exact time of measurement, within the assimilation win-
dow. The use of tangent linear and adjoint models (Errico,
1997; Errico et al., 1993; Erico and Reader, 1999) produces
the propagation of analysis increment over the assimilation
window and greater computational resources compared to
3D-Var are needed. In addition, the WRF 4D-Var system
uses physical and dynamical constraints to enhance the bal-
ance of analysis field producing initial conditions that con-
tain convective-scale balance, these constrains are not used
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Figure 1. In (a) the surface pressure (hPa) on 14 September 2012 (12:00 UTC) is shown. In (b) temperature (°C) and geopotential height
(dam) at 500 hPa are presented. The maps have been elaborated considering the ECMWF initial conditions.

Figure 2. Location of the three specific areas with significant rainfall in 24 h, Gran Sasso area (GA), Monti Sibillini area (SA) and Central-

Northern Abruzzo coast (CA) respectively.

in 3D-Var. This ability makes the 4D-Var technique together
with a hybrid of variational method and Ensemble Kalman
Filter a promising method for the future improvements of
NWP (Sun et al., 2014). However, both methods determine
the best estimate of the atmospheric state at analysis time,
through the minimization of a cost function, which reduces
the gap between observations and the trajectory forecasted
by the model.

The variational techniques allow the assimilation not
only of conventional observations, available from the
Global Telecommunication System (GTS), but also of non-
conventional observations such as radar data (Barker et al.,
2004; Xiao et al., 2005, Wang et al., 2013; Hu et al., 2006;
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Maiello et al., 2014) through the use of reflectivity and ra-
dial velocity operators (Sun and Crook, 1997), included in
the cost function.

Chu et al. (2013) performed a comparison between 4D-
Var and 3D-Var methods for the forecast of two Antarctic
cyclones over the Ross Sea, assimilating only conventional
observations. The 4D-Var showed a better performance after
the first 24 h of forecast. Sun and Wang (2013) also compared
4D-Var and 3D-Var for a squall line event over the US Great
Plains. The results suggested that the assimilation of radial
velocity and reflectivity with 4D-Var system improved the
QPF skills for a short range forecast.
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| Pintura di Bolognola 180 mm 24 h! |

| Fermo 130 mm 24 h™! |

| Campo Imperatore 290 mm 24 ! |

Figure 3. Spatial interpolation of precipitations measured by a rain gauge network (mm 24 h~!) from 14 September 00:00 UTC to 15
September 00:00 UTC. The rain gauge stations (dots) with significant precipitation amounts are highlighted by black arrows.

The aim of this work is to provide a preliminary compar-
ison between 3D-Var and 4D-Var methods for a flash flood
event in central Italy. The manuscript is organized as follows.
Section 2 provides an overview of the case study. Section 3
presents a brief description of 3D-Var and 4D-Var experi-
ments carried out. Quantitative precipitation forecasts (QPF)
are shown and evaluated in Sect. 4. Conclusions and further
developments are given in the last section.

2 Description of the case study

The HyMeX project aims to better understand the hydrologi-
cal cycle and related processes in the Mediterranean basin, in
particular the impact of extreme weather events and climate
change effects on temperatures and precipitations by moni-
toring and modeling the ocean atmosphere coupled system.
The first Special Observation Period field campaign (SOP1,
Ducrocq et al., 2014) of the HyMeX project, taken place
between September and November 2012, has been focused
on heavy rainfall and flash floods over the Western Mediter-
ranean area. During this campaign, twenty Intensive Obser-
vation Periods (IOPs) have been investigated and ten of them
occurred in Italy.

The IOP4 occurred on 14 September 2012 and it was char-
acterized by convective activity with a large amount of pre-
cipitation in a few hours over central Italy. A low predictabil-
ity characterized this event in the estimate and localization
of peak precipitation (Ferretti et al., 2014), this is the rea-
son for choosing this study. In the morning of 14 Septem-
ber, a deep low pressure system over the Tyrrhenian Sea
(Fig. 1) caused heavy precipitation in central Italy, mainly
along the Adriatic coast of the Marche and Abruzzo regions.
The interaction between cool Bora winds and warm moist
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Sirocco winds over the Adriatic Sea produced persistent con-
vective precipitation, especially in three distinct zones: Gran
Sasso area (GA), Monti Sibillini area (SA) and Central-
Northern Abruzzo coast (AC) with significant rainfall in
24h (Fig. 2). The low-pressure system slowly moved south-
eastward, dissipating its energy only in the evening of 15
September. The southeasterly wind caused several floods in
coastal areas, damage to buildings, infrastructures and over-
flowing of many rivers. Rain gauge stations in the Marche
and Abruzzo regions (Fig. 3) recorded significant rainfall
during the event: Fermo (130 mm 24 h~1), Pescara Colli
(140 mm 24 h~1), Pintura di Bolognola (180 mm 24 h~!) and
Campo Imperatore (290mm24h~!). The spatial interpo-
lation of 24h observed precipitations from 14 September
00:00 UTC to 15 September 00:00 UTC is shown in Fig. 3.

3 Description of the experiments

The Advanced Research Weather Research and Forecasting
Model (WRF-ARW) Version 3.7.1, is used for this study. A
one-way nesting (ndown) configuration with two domains is
applied. The mother domain (DO1), with a spatial resolution
of 12km, covers a large part of Mediterranean basin and
Central Europe; whereas the high resolution domain (D02)
with a grid space of 3km includes the Italian peninsula.
37 terrain-following vertical levels from the surface up to
100 hPa are used for both domains. The microphysics is pa-
rameterized with New Thompson scheme (Thompson et al.,
2008), whereas the convective processes, although parame-
terized with Kain-Fritsch (Kain, 2004) scheme in D01, are
explicitly solved in the inner domain. The Mellor-Yamada
2.5 turbulence scheme is used for the planetary boundary
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Figure 4. 24 h forecast precipitation at 00:00 UTC, 15 September 2012 estimated by WRF experiments. The latter acronyms are indicated

in the black border rectangles.

layer (PBL) parameterization (Janjic, 2002; Mellor and Ya-
mada, 1982).

The initialization time is 13 September 12:00 UTC for
DO1 domain and 14 September 00:00 UTC for D02 domain.
The DOL1 is initialized using boundary and initial conditions
(horizontal resolution of 0.25°) provided by the European
Centre for Medium-Range Weather Forecasts (ECMWF),
whereas D02 is initialized using boundary and initial con-
ditions from the mother domain. In D02, both SYNOP and
TEMP (hereafter referred to as conventional observations)
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from the GTS of the World Meteorological Organization
(WMO) and Monte Midia radar data provided by the Centro
Funzionale of Abruzzo region are assimilated. Monte Midia
radar is a C-band Doppler radar installed on the top of Monte
Midia (42.0577° N, 13.1772° E, 1760 m a.s.1.) that is located
in Abruzzo region. The instrument performs a complete scan
in 15 min with a nominal maximum range of 240 km. Radar
reflectivity and radar velocity have been processed through
a quality control chain to improve the quality of measure-
ments, before being ingested into the assimilation procedure.
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V. Mazzarella et al.: Comparison between 3D-Var and 4D-Var data assimilation methods 275

Table 1. Brief description of the experiments carried out.

Experiment name Assimilation  Radial Radar Conventional
technique velocity  reflectivity — observations

CTL Nothing No No No

3DVAR-CON 3D-Var No No Yes

3DVAR-CONMM 3D-Var Yes Yes Yes

4DVAR-CON 4D-Var No No Yes

4DVAR-CONMM 4D-Var Yes Yes Yes

4DVAR-CONMM_RRF  4D-Var No Yes Yes

4DVAR-CONMM_RVE  4D-Var Yes No Yes

4DVAR-RVE 4D-Var Yes No No

4DVAR-RRF 4D-Var No Yes No
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Figure 5. Probability of detection (a), Critical Success Index (b) and False Alarm Ratio (c¢) calculated for the nine experiments as a function
of thresholds. 4DVAR-CON and 4DVAR_CONMM_RREF simulations (highlighted with a red arrow) show the best values in terms of POD,
CSI and FAR for medium thresholds (20-100 mm 24 h—! ) and high thresholds (> 100 mm 24 h! ), respectively.
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In order to minimize the effect of partial beam blocking, the
compensation method proposed by Fulton et al. (1998) has
been adopted. On the contrary, the beam attenuation along
the path has been mitigated through the two way path inte-
grated attenuation (PIA) technique (Picciotti et al., 2006).

In the 3D-Var experiments, the assimilation window
for conventional observations is set to £1h from the
“time_analysis”, whereas for radar data is set to 45 min.
However only data at the time_analysis, 14 September 2012
00:00 UTC, have been taken into account and assimilated.
On the other hand, in the 4D-Var, a greater number of data
than 3D-Var has been assimilated, since a time window of
1h with sub-windows of 30 min has been used. More specif-
ically, conventional observations have been assimilated at
00:00 and 01:00 UTC, whereas radar reflectivity and radial
velocity every 30 min from 00:00 to 01:00 UTC. The limited
length of the assimilation window is due to the high compu-
tational costs required to resolve tangent linear and adjoint
models. However, in 3D-Var experiments the data are assim-
ilated only at 00:00 UTC 14 September 2012, consequently
the number of measurements is not the same because the
same stations are assimilated more frequently using 4D-Var
than 3D-Var.

According to domain dimensions, 304 conventional obser-
vations (300 SYNOP and 4 TEMP) have been assimilated ev-
ery hour. The high spatial resolution of radar implies a great
data availability; therefore 172 800 observations have been
assimilated every 30 min in 4D-Var experiments and only
at 00:00 UTC in 3D-Var experiment. Each of observations
consist of 4 reflectivity and 4 radial velocity measurements
collected at different antenna elevation angles, 0, 1, 2 and
3°. In conclusion, the total amount of radar measurements in
3D-Var experiment, including both reflectivity and radial ve-
locity, comprises 1382400 values. By contrast, in 4D-Var
simulations, the number of radar measurements is signifi-
cantly higher (5529 600 values). Another substantial differ-
ence between radar and conventional observations is related
to the different spatial distribution, Monte Midia radar cov-
ers a range limited to 240 km, whereas SYNOP and TEMP
data are not uniformly distributed over the whole domain. A
total of nine experiments are carried out to evaluate the per-
formances of 3D-Var and 4D-Var methods in terms of QPF.
A brief description of the simulations is provided in Table 1.

4 Results

The 24h accumulated precipitation over central Italy, es-
timated by WRF simulations (Fig. 4), has been compared
to the rain gauge data in Fig. 3. All experiments, except
4DVAR-CONMM_RRE, produce an overestimation of pre-
cipitation in SA. The latter, located over the Umbria-Marche
Apennines, is characterized by the presence of mountains
with elevation higher than 2000 m, particularly exposed to
the eastern winds and consequently to the Stau effect. These
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features make the QPF particularly tricky. However, the data
assimilation with 3D-Var and 4D-Var methods determines
a reduction in rainfall amount compared to CTL experi-
ment and a shift in precipitation patterns. On the other hand,
4DVAR-CONMM_RRE, performed using conventional ob-
servations and radar reflectivity, produces a southward shift
of precipitation pattern and, consequently, an overestima-
tion of precipitation over GA and an underestimation over
SA. 4DVAR-CON simulation, performed using only con-
ventional observations, leads to an improvement of rainfall
forecast over GA, instead. Finally, no experiments, including
CTL, provide an accurate QPF along CA. The observed rain-
fall peaks are the result of intense convective phenomena, oc-
curred over a restricted area and in a very short time lapse, for
which WRF model fails in capturing the small-scale rainfall
variability and the effect of data assimilation is not ideal (Liu
et al., 2013). We can speculate that to capture such small-
scale simulation at higher resolution than 3 km are necessary,
this will be investigated in a future study.

In order to compare the numerical experiments, three sta-
tistical indicators (Wilks, 2006), critical success index (CSI),
false alarm ratio (FAR) and probability of detection (POD)
are evaluated using the Model Evaluation Tools (MET) veri-
fication package (Brown et al., 2009). A brief description of
statistical indexes is presented below:

— POD represents the fraction of events correctly forecast.
The best value is 1.

— FAR shows the ratio of failures. A perfect forecast has
FAR =0.

— CSI combines CSI and POD, measuring the fraction
of events (observed and forecasted) correctly predicted.
The best value is 1.

The scores have been calculated from a 2-by-2 contingency
table, that allows for an objective comparison between rain
gauge observations and rainfall forecast for the following
threshold values: 1,10, 20, 30, 40, 50, 60, 70, 80, 90, 100,
110, 120, 130, 140, 150, 160, 170, 180, 190, 200. The
presence of isolated rainfall peaks in the distribution of
precipitation and the consequent reduction of rainfall data
>100mm24h~! could affect the performance of statistical
analysis. The evolution of the three statistical scores for each
experiment is reported in Fig. 5.

4DVAR-CON simulation shows an improvement in terms
of POD and CSI compared to 3DVAR-CON. The differ-
ences between the two experiments increase with increasing
threshold values for both statistical scores. This behaviour
points out the capability of 4DVAR-CON to improve the es-
timate of rainfall peaks, especially over GA.

The assimilation of radar data reduces the gap between
4D-Var and 3D-Var simulations at low and intermediate
thresholds in terms of POD, FAR and CSI. However, the dif-
ference tends to increase and became relevant for heavy rain-
falls, as shown in 4DVAR-CONMM and 3DVAR-CONMM.
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4DVAR-CONMM_RREF simulation also displays, for thresh-
olds greater than 100 mm 24 h 1, highest values of CSI and
POD respect to 3D-Var and 4D-Var experiments without
radar data, highlighting the benefit of 4D-Var.

5 Conclusions

The goal of this study is to evaluate the impact of radar
data and conventional observations assimilation using 3D-
Var and 4D-Var techniques. To pursue this aim, nine simu-
lations are carried out for a heavy rainfall event occurred in
central Italy on 14 September 2012. Preliminary results sug-
gest that 4DVAR-CON experiment with conventional obser-
vations produces an improvement in terms of CSI and POD
compared to 3DVAR-CON experiment. More precisely, the
statistical indexes, relatively to 4DVAR-CON, exhibit better
performances for intermediate threshold values between 20
and 100 mm 24 h~!. The assimilation of reflectivity and ra-
dial velocity reduces the gap between 4D-Var and 3D-Var
methods, limited to low-intermediate thresholds but, on the
other hand, improves the prediction of precipitation peaks
due to convective phenomena. However, the addition of ra-
dial velocity seems to have a negative impact compared to
radar reflectivity and conventional observations. In this re-
spect, a future study shall be devoted to assess the goodness
of the radial velocity data.

Nevertheless, all simulations carried out show an under-
estimation of effective rainfall over Gran Sasso area and
along the Central-Northern Abruzzo coast and, conversely,
an overestimation over Sibillini area: therefore, both varia-
tional methods fail in capturing the small-scale rainfall vari-
ability. In order to clarify this aspect and to provide a de-
tailed analysis of precipitation pattern, we will apply a spatial
verification method to the rainfall field (Davis et al., 2006).
Moreover, an analysis of the time evolution of the skill score
of the hourly precipitation will be done to the aim of inves-
tigating improvement during the spin-up time of the model.
Finally, the addition of other cases study could be useful to
strengthen the statistical analysis and understand if 4D-Var
enhancements depend on the synoptic configuration.

Data availability. The rainfall data used in this work can be ac-
cessed through the DEWETRA platform of the Italian Civil Protec-
tion Department after authentication (http://www.protezionecivile.
gov.it). Radar data are provided by the Centro Funzionale of the
Abruzzo region.
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