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Abstract

This work is a first assessment of the role of Doppler Weather radar (DWR) data in a
mesoscale model for the prediction of a heavy rainfall. The study analyzes the event
occurred during 19–22 May 2008 in the urban area of Rome. The impact of the radar
reflectivity and radial velocity acquired from Monte Midia Doppler radar, on the assimi-5

lation into the Weather Research Forecasting (WRF) model version 3.2, is discussed.
The goal is to improve the WRF high resolution initial condition by assimilating DWR
data and using ECMWF analyses as First Guess thus improving the forecast of surface
rainfall.

Several experiments are performed using different set of Initial Conditions (ECMWF10

analyses and warm start or cycling) and a different assimilation strategy (3 h-data as-
similation cycle). In addition, 3DVAR (three-dimensional variational) sensitivity tests
to outer loops are performed for each of the previous experiment to include the non-
linearity in the observation operators.

In order to identify the best ICs, statistical indicators such as forecast accuracy, fre-15

quency bias, false alarm rate and equitable threat score for the accumulated precip-
itation are used. The results show that the assimilation of DWR data has a positive
impact on the prediction of the heavy rainfall of this event, both assimilating reflectivity
and radial velocity, together with conventional observations. Finally, warm start results
in more accurate experiments as well as the outer loops strategy.20

1 Introduction

The quality of the Initial Conditions is the most important parameter for the high res-
olution numerical weather prediction. Generally, localized mesoscale features are not
well reproduced into the analysis therefore, assimilation approaches that ingest lo-
cal observations are important to improve the forecast. During the last decade, high-25

resolution mesoscale models initialized using variational data assimilation techniques
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(3DVAR/4DVAR) are being increasingly applied for studying meteorological phenom-
ena (Kalnay, 2003). One of the reasons for the variational analysis becoming more and
more popular is the ability to directly incorporate non conventional data such as satel-
lite radiance, radar reflectivity and radial velocity into numerical models (Kalnay, 2003;
Barker et al., 2004).5

Doppler Weather radar (DWR) observations are an important data source for
weather analyses and forecasting because of the high temporal and spatial resolutions.
These high-resolution data, together with a sophisticated technique of data assimila-
tion and a high-resolution mesoscale model, have been chosen in the last decade for
improving the predictability both of convective cells and mesoscale convective systems.10

Furthermore, the assimilation of radar reflectivity and radial velocity have shown poten-
tial for very-short-range numerical prediction of rapidly developing convective systems.
It is well known that the reflectivity is related to the amount of precipitation, size and
water phase of the hydrometeors, whereas the radial velocity contains information on
vertical atmospheric motions which are both important for the onset and development15

of convection.
During the past years, capabilities to assimilate radial velocity (Xiao et al., 2005)

and reflectivity (Xiao et al., 2007; Xiao and Sun, 2007) data with the MM5/WRF three-
dimensional variational data assimilation system (Barker et al., 2003, 2004; Skamarock
et al., 2008) were developed at National Center for Atmospheric Research (NCAR)20

laboratories.
In Xiao et al. (2005) radial velocities from a single Doppler radar were assimilated into

MM5 using 3DVAR scheme for a heavy rainfall case that occurred on 10 June 2002.
Vertical velocity increments were included via Richardson’s balance equation, and an
observation operator for the radial velocity was developed. The results suggested that25

the scheme for radial velocity assimilation is stable and robust in a cycling mode using
high-frequency radar data. Moreover, continuous assimilation with 3 h update cycles
was important to improve heavy rainfall.
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More recently, a radar reflectivity data assimilation scheme was developed within
MM5-3DVAR system as described by Xiao et al. (2007). The total water mixing ratio
was used as control variable for moisture and the warm rain process was incorporated
into the system in order to partition the moisture and hydrometeor increments. Further,
an observation operator for radar reflectivity was developed and incorporated into the5

3DVAR system. They showed that the intensity and track of Typhoon Rusa (2002)
were better predicted through the combined assimilation of radar radial velocity and
reflectivity data.

Recently, the WRF model and its 3DVAR data assimilation system was used by
Xiao and Sun (2007) to ingest data from a network of Doppler radars in order to study10

a squall-line convective system. They found that the combined assimilation of the radial
velocity and reflectivity improved the Quantitative Precipitation Forecast (QPF) skill with
respect to using only one of the two radar variables. Moreover, the assimilation of more
than one radar site using cycling procedure, further improved the results in terms of
QPF.15

The objective of this paper is to assess the impact of the assimilation of radar radial
velocity and reflectivity data on the precipitation forecast, by using 3DVAR and WRF-
ARW. To this purpose, a heavy rainfall case occurred in central Italy, the Aniene event
(Rome 19–22 May 2008) is used. Several numerical experiments using different ICs
are performed using WRF model. To explore the impact of radar data assimilation20

a comparison between experiments with and without radar data is performed as well
as the sensitivity to cold and warm start. Finally, to account for non linearity in the
observation operators, also the role of outer loops is tested (Rizvi et al., 2008).

The novelty of this work resides in the assimilation of the radar data itself in this
a complex orography area as the Mediterranean one. This was never done before, the25

originality of this research lie in the fact of bringing together weather forecast and radar
data both still challenge in complex orography.

This paper is organized as follows. In Sect. 2, the case study and the radar data
used for the assimilation are described. A brief explanation of WRF-3DVAR system
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and radar data operator are presented in Sect. 3. The 3DVAR experiments and the
corresponding forecast results are discussed in Sects. 4 and 5, respectively. The impact
of non linearity is analyzed in Sect. 6, whereas summary and conclusions are provided
in Sect. 7.

2 A heavy rainfall case and radar data5

2.1 Case description: the Aniene event

During 19–22 May 2008 a heavy rainfall event occurred in the urban area of Rome. In
the first hours of 19 May a cyclonic circulation (Fig. 1a and b) on the southern Mediter-
ranean Sea, associated to an intrusion of cold air from Scandinavia, caused instability
on the Italian peninsula. During 20 May (Fig. 1c and d) a deep cyclonic circulation10

developed on the Genoa Gulf, causing severe weather condition. Southwesterly flow
started to blow over Tyrrhenian sea advecting warm and humid air toward the area of
Rome (Fig. 1c and d) destabilizing the atmosphere.

During the evening of 20 May, as described in Sect. 2.2, the Monte Midia radar
recorded reflectivity echoes with values reaching 50–55 dBZ in the north-east area of15

Rome, suggesting the onset of convective precipitation and echoes with reduced val-
ues of reflectivity (35–40 dBZ), more likely associated to stratiform precipitation. Thanks
to its cyclonic structure, this event was interesting because it allowed analyzing both
types of precipitation. The two types of echoes were registered all day long. To bet-
ter understand the meteorological evolution of the event the instantaneous radiance at20

IR 10.8 µm and the rain rate (RR in mmh−1) registered from MSG (Meteosat Second
Generation) and estimated from the Italian national radar network are shown (Fig. 2).
In the early afternoon the precipitation is restricted to the urban area of Rome (RM,
Fig. 2a), to reach later the south-eastern part of RM with local showers (Fig. 2b). In
the evening, precipitation occurred again on the urban area of RM (Fig. 2c), while at25

22:00 UTC, the rainfall moved toward east close to L’Aquila (AQ, Fig. 2d).
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2.2 Radar data processing

The GTS (Global Telecommunication System) conventional observations – SYNOP
(Surface synoptic observations) and TEMP (upper level temperature, humidity and
winds) – and non conventional (radar) data are used in this study. In particular, the
data from Monte Midia radar (42◦03′28′′ N, 13◦10′38′′ E), provided by the Centro Fun-5

zionale of Abruzzo Region, are assimilated to improve high resolution initial conditions.
This is a C band Doppler radar located at the border between the Abruzzo and Lazio
regions (Fig. 3, shows the Monte Midia radar coverage and site) placed at 1710 m from
the sea level, covering most of Central Italy including the Abruzzo inland and the ur-
ban area of Rome. Reflectivity and radial velocity are detected every 15 min, at 500 m10

horizontal resolution with four antenna elevations angles (0, 1, 2, 3◦).
It is well known that radar observations can be affected by several sources of errors

mainly due to ground clutter, attenuation and radio interferences. Particularly, weather
radar operating in complex orography may be affected by a significant beam blockage
which can strongly degrade monitoring capabilities and accordingly rainfall estimation15

at ground.
For such reason, a preliminary procedure to correct acquired radar data is applied,

before using them into numerical models. Echoes produced by a non-meteorological
source such as mountain’s clutter returns, WLAN (wireless local area network) interfer-
ence signals and other impairments have been removed applying a Doppler filter and20

a suitable texture filter. Partial beam blockage is corrected by adopting a compensating
technique (Fulton et al., 1998) while attenuation is mitigated by means rain path inte-
grated attenuation (PIA) techniques (Picciotti et al., 2006). Once corrected, radar data
are ready for ingestion into 3DVAR, setting as typical error 1.0 ms−1 for radial velocity
and 1.0 dBZ for reflectivity. The assimilation window was chosen of 5 min. The data25

assimilation takes place only after a quality check, in order to select only good quality
data within the model domain and into the selected assimilation window.

7320

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/7315/2013/amtd-6-7315-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/7315/2013/amtd-6-7315-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
6, 7315–7353, 2013

Impact of radar data
assimilation using

WRF 3-D variational
system

I. Maiello et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

3 WRF-3DVAR

3.1 Brief description of WRF-3DVAR

The WRF-3DVAR system is based on the MM5-3DVAR (Barker et al., 2004) and further
developments and progresses can be referred to Skamarock et al. (2008). The configu-
ration of the WRF-3DVAR system is based on the multivariate incremental formulation5

(Courtier et al., 1994): the preconditioned control variables are stream function ψ , po-
tential velocity χ , unbalanced pressure pu and total water mixing ratio qt. The aim of
the 3-D-Variational approach is to produce the best compromise between an a pri-
ori estimation of the analysis field and observations, through the iterative solution that
minimize a cost function J. The cost function for 3DVAR is:10

J (x) = Jb + J0 =
1
2

{[
y0 −H (x)

]T R−1[y0 −H (x)
]
+
(
x − xb)T B−1(x − xb)} (1)

where xb is the generic variable of an a priori state (first guess), y0 is the observa-
tion, and H is the operator that converts the model state to the observations space.
This cost function J measures the distance of a field x from the observations y0 and
from the background xb: these distances are scaled through the matrices R and B, the15

observational and the background error covariance matrices, respectively. R accounts
also for representativeness and forward operator errors. The former depends on the
model characteristics, whereas the latter comes from the coding of the observation op-
erator. A good estimation of these matrices is important for producing worthwhile initial
conditions. R is usually a diagonal well known matrix and it is assumed independent20

from weather conditions. On the contrary B is weather-condition and flow-dependent,
and it also depends from the background. For these reasons, B has to be estimated
using a statistical method, such as the National Meteorological Center (NMC) method
(Parrish and Derber, 1992) or the ensemble one (Fisher et al., 1999). The first method
is commonly used for the estimation of B in the WRF-3DVAR system. It is based on the25
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statistical analysis of several couples of forecasts differences valid at the same time.
A detailed description of the 3DVAR system can be found in Barker et al. (2003, 2004).

3.2 Radar data assimilation methodology

Doppler radar data contains precious features compared to conventional observations:
the radial velocity produces information on vertical motion. Although the vertical veloc-5

ity is generally poorly estimated it is important for the convective onset. Moreover, it is
well known that radar reflectivity is a measurement of the amount of precipitating hy-
drometeors (rain, snow, etc.), but due to the complexity of coding such variables, they
are not included in many data assimilation schemes.

On the contrary, WRF-3DVAR has a methodology for the assimilation of Doppler10

radar data which accounts for both the reflectivity and vertical velocity component of ra-
dial velocity. The vertical increments are estimated including a balance equation based
on Richardson (1922). This is the so-called linearized Richardson’s equation, which
combines continuity equation, adiabatic thermodynamic equation, and hydrostatic re-
lation: it becomes important when radar data are included in the analysis and for small15

scale convective weather systems.
Moreover, the total water qt is used as the moisture control variable, instead of the

pseudo relative humidity, for the assimilation of radar reflectivity (Xiao et al., 2007).

3.2.1 Assimilation of reflectivity

To directly assimilate radar reflectivity, the total water mixing ratio qt was chosen as20

control variable, and a warm rain process to divide the moisture, qv, and water hydrom-
eteor, qc and qr, contributions was introduced (Dudhia, 1989) into the WRF-3DVAR
system. This allowed for producing the increments of moist variables linked to the
hydrometeors, such as water vapor mixing ratio qv, cloud water mixing ratio qc, and
rainwater mixing ratio qr. Once the 3DVAR system produces the qc and qr increments,25

the setup of the observation operator for assimilation of reflectivity is straightforward.
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In this study, the operator from Sun and Crook (1997) is used:

Z = 43.1+17.5 log(ρqr) (2)

where Z is the radar reflectivity in the unit of dBZ, ρ the air density (kg m−3) and qr is
the rain water mixing ratio (g kg−1). This relation was derived analytically by assuming
the Marshall–Palmer distribution of raindrop size with intercept N0 = 8×106 mm−4 and5

no contribution of ice phases to the reflectivity.
Efforts to improve the rain radar estimation have been made for Monte Midia radar.

This was accomplished by comparing rain retrieved by radar to rain recorded by rain
gauge and searching for the best estimation which minimizes the error between the
two rain values (Picciotti et al., 2010). This procedure was carried out accounting for10

a large data set covering two years, carefully collected and processed. This allowed for
correcting Eq. (2) to better represent the Monte Midia rain estimates as follows:

Z = 7.27+33.8 log(ρqr) . (3)

3.2.2 Assimilation of radial velocities

The observation operator for Doppler radial velocity is:15

Vr = u
x − xi

ri
+ v

y − yi

ri
+ (w − vt)

z − zi

ri
(4)

here (u,v ,w) are the wind components; (x ,y ,z) are the radar site components;
(xi ,yi ,zi ) are components of the radar observation; ri is the distance between the radar
site and the observation; vt is the terminal velocity.

Following the algorithm of Sun and Crook (1998) the terminal velocity is given by:20

vt = 5.40a ·q0.125
r (5)

where “a” is a correction factor defined as follow:

a =
(
p0/p̄

)0.4
(6)

where p̄ is the base-state pressure and p0 is the pressure at the ground.
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4 Experiments configuration

4.1 Model setup

The Weather Research and Forecasting model version 3.2 (Wang et al., 2011) is used
for this study.

Three two-way nested domains (Di) centered over the area where high precipita-5

tion occurred (Fig. 4), with a resolution in km of 21.2 (D1), 7.06 (D2) and 2.35 (D3)
respectively and 37 vertical levels are used.

All of the physical parameterizations in our experiments are the same, which include
WRF Single-Moment 6-class (Hong and Lim, 2006) explicit microphysical scheme, the
Kain–Fritsch (2004) for the cumulus convection, for D1 and D2 only, the Yonsey Uni-10

versity scheme (Hong et al., 2006) for the Planetary Boundary Layer, Rapide Radiative
Transfer Model (Mlawer et al., 1997) and Dudhia (1989) schemes for longwave and
shortwave radiation respectively.

4.2 WRF-3DVAR setup

To the aim of investigating the impact of radar data on the model precipitation, several15

Initial Conditions (ICs) using different assimilation strategies are produced for WRF
using 3DVAR. Besides the first guess xb and observations y0, as explained in the
Sect. 3.1, another important input for WRF-3DVAR is the background error covariance
matrix B, computed using NMC-method which accounts for ECMWF data on Mediter-
ranean Basin. To estimate the NMC-based error statistics, two forecasts have been20

performed every day for a period of 4 weeks, starting on 15 May 2008: a 24 h forecast
(starting from 00:00 UTC) and a 12 h forecast (starting from 12:00 UTC). The differ-
ences between the two forecasts at t +24 and t +12 respectively are used to calculate
the domain-averaged error statistics.
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4.3 Experimental design

A total of four WRF experiments are performed using the ICs produced by the WRF-
3DVAR system: the control experiment (Exp0) is initialized using ECMWF analysis
(0.25◦ ×0.25◦) and no data assimilation is performed; Exp1 is as Exp0, but the assim-
ilation of Monte Midia radar data (both reflectivity and radial velocity) using a specific5

B calculated for each domain is performed; a warm start from a previous 24 h WRF
forecast and assimilation of both conventional data and radar data is used for Exp2;
Exp3 is initialized using a 3 h WRF forecast cycle (Fig. 5) with assimilation of both con-
ventional data and radar data from 00:00 to 06:00 UTC 20 May 2008. For both Exp2
and Exp3 a specific background error covariance matrix calculated for each domain is10

used. Data assimilation is performed on each domain and one outer loop is used as
default.

All experiments last 24 h, from 06:00 UTC 20 May 2008 until 06:00 UTC 21 May. They
are summarized in Table 1.

5 Numerical results15

5.1 Initial conditions

To evaluate the impact of 3DVAR on the Initial Conditions a comparison between the
vertical sounding produced by 3DVAR and the observed one at Pratica di Mare (PDM)
at 06:00 UTC 20 May 2008 is performed. The comparison is carried out using a few
meteorological indexes as: Convective Available Potential Energy (CAPE), useful for20

assessing the instability of the atmosphere and therefore the possibility of triggering
convection; Lifted Index (LI), that measure the severity of the thunderstorm; K-index
(KINX), that gives an indication on the thunderstorm occurrence. Large differences are
found among the experiments except for the KINX as listed in Table 2.
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A large underestimation of CAPE for most of the experiments is found except for
Exp3, which produces a value closer to the observed one than the other experiments,
whereas LI is overestimated, but still in the range of a weak chance of severe thunder-
storm. Finally, KINX is pretty the same for all the experiments, inferring that all of them
produce a thundery atmosphere. These results would suggest that the warm start 3 h5

cycling used for this experiment slightly increases the potential for thunderstorm devel-
opment.

The observed (Fig. 6) and the WRF-3DVAR radio sounding at Pratica Di Mare at
06:00 UTC 20 May 2008 clearly show (Fig. 7) no differences among Exp0, 1 and 2,
but differences are found with respect to the observed one especially between 850 and10

700 hPa. Exp3 (Fig. 7d) shows higher moisture content below 700 hPa than the other
experiments (Fig. 7a–c) increasing the agreement with the observed one (Fig. 6). This
higher moisture content justifies the higher K-index and atmospheric instability. These
support the more unstable atmosphere as indicated by the convective indices. Finally,
the wind does not show any difference among the experiments (Fig. 7) and a fair agree-15

ment for all of them with the observed one (Fig. 6).

5.2 WRF vs. radar reflectivity and rainfall

The impact of Monte Midia radar data assimilation on the forecast is evaluated by
comparing the observed reflectivity and estimated rain rate with those produced by the
WRF experiments.20

Impact of ICs’ on WRF forecast

The radar detected reflectivity of approximately 50–55 dBZ at 14:00 UTC associated to
a few small intense convective cells north-south oriented between Rome (RM) and Rieti
(RI) (solid red oval in Fig. 8). Another area of moderate precipitation (about 40 dBZ)
between the border of Lazio and Abruzzo (red arrow in Fig. 8) was also detected. Most25

of the WRF experiments succeed in reproducing the cells orientation, except for Exp3,
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but an underestimation is found (Fig. 9). Exp0 underestimate the number of cells in
the red circle (Fig. 9, top left panel), but correctly reproduces their intensity. On the
contrary, Exp0 overestimates the cells along the boundaries (Fig. 9, top left panel, red
arrow), both in intensity and size. Similarly Exp1 overestimates the intensity and the
size of the cells indicated by the red arrow (Fig. 9, top right panel). Moreover, the size5

and the intensity of the cells inside the red circle is overestimated (Fig. 9, top right
panel). Exp2 shows a different cells distribution inside the red circle, but with the same
intensity as Exp0 (Fig. 9, bottom left panel), whereas an overestimation in size and
intensity of the radar reflectivity in the area indicated by the red arrow is found. Exp3
does not reproduce any cell inside the red circle, but correctly reproduces the size10

and the intensity of the cells along the boundaries between Lazio and Abruzzo. These
results suggest that WRF enhances convection, especially when data assimilation and
warm start are performed as for Exp2, but the 3 h cycling strongly impacts the dynamic
of the cyclone, changing the timing of occurrence and the intensity of convection.

Similarly to the reflectivity, a comparison between the observed and the WRF 12 h15

accumulated rainfall is now performed. The 12 h accumulated precipitation ending at
22:00 UTC on 20 May 2008 clearly shows (Figs. 10 and 11) that, beside a correct
maximum amount the first three experiments produce a rainfall areal distribution barely
comparable to the observed. On the contrary, Exp3 (Fig. 11, bottom right panel) overes-
timates the precipitation but well reproduces rainfall pattern except for the precipitation20

on the northwestern side of Rome. In fact, the precipitation both on northeast and east
of Frosinone (FR, Fig. 11, bottom right panel) is fairly reproduced as well as an at-
tempt to reproduce the signal of almost no precipitation on the left side of the Apennine
increasing again along the east coast (Figs. 10 and 11, bottom right panels).

Therefore, the previous results would suggest Exp3 as the only one able to reproduce25

this event.
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5.3 Effects on some statistical indicators

In order to objectively compare the experiments carried out for the Aniene event, four
statistical indicators are used (Wilks, 1995): forecast accuracy (ACC), false alarm rate
(FAR), frequency bias (FBIAS) and equitable threat score (EQTS). The forecast evalu-
ation is performed using rain gauges data, coming from the stations of the Lazio region5

(Fig. 12, yellow dots), providing 12 h accumulated precipitation. Figure 12 shows also
the Aniene basin (green line) and the total amount of interpolated precipitation regis-
tered for the entire event 19–22 May 2008.

The ACC index shows the accuracy of the forecast, a perfect forecast has ACC= 1;
FAR estimates the forecast frequency failures, a perfect forecast has FAR= 0; FBIAS10

gives information on the correctness of the precipitation forecast: values greater than
1 indicates an overestimation in the number of forecast events, the perfect value is
FBIAS= 1; EQTS, whose best value is 1, represents the fraction of the events correctly
reproduced taking into account random hit chance; the EQTS index may have values
lower than or near zero if the forecasts are wrong so values of 0.5/0.6 are considered15

fairly good.
Figure 13 shows the results for the previous indices for the 12 h accumulated rainfall

ending at 04:00 UTC 21 May 2008 as a function of different thresholds. ACC, FBIAS
and EQTS display the best values for Exp3 (Fig. 13, pink line) for thresholds lower
than approximately 20 mmh−1, whereas for higher thresholds only Exp2 (Fig. 13, green20

curve) produces results better than the others, especially for EQTS. It is well known that
a good EQTS may be associated to an overestimation of the precipitation. In fact, Exp3
has the worst FAR for almost all thresholds. These results would support the previous
finding that the experiment performed using the ICs produced by a warm start using
a 3 h cycle improve the forecast.25
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6 Impact of multiple outer loops strategy

Based on the previous results, a set of sensitivity tests for WRF-3DVAR are performed
for Exp1, Exp2 and Exp3. These new experiments are carried out using 2 and 3 outer
loops during the assimilation procedure (Table 3). Multiple outer loops strategy allows
for including the non-linearity in the observation operators and for assessing the influ-5

ence of observations entering for each cycle.
Figure 14 shows the impact of the outer loops on the reflectivity for Exp1. Clearly,

the overestimation of the line of convective cells on 20 May (Fig. 9, right top panel, to
compare with red circle on Fig. 8) is largely reduced turning into a better reproduced
structure: three single cells north-south aligned are now produced by using multiple10

outer loops for Exp1_2OL (Fig. 14, left panel).
If three outer loops are used the convection completely disappear.
For Exp2 the positive impact of multiple outer loops is clearly visible once again for

the convective line between RM and RI if using 2 outer loops (Fig. 15, Exp2_2OL).
Also in this case the three loops deteriorate the results but in the opposite direction15

with respect to Exp1. In fact, in this case an overestimation of the reflectivity in the area
between Rieti and Roma is found (Fig. 15, right panel).

Finally, a quite different impact is obtained for Exp3 (Fig. 16); the line of convective
cells starts forming especially when 3 outer loops are used, even if their intensity is not
comparable to the observed one (Fig. 8, red circle).20

To better evaluate the impact of outer loops ACC, FAR, FBIAS and EQTS are used.
Only the results for Exp2 are shown. If 2 outer loops are used during the assimila-
tion process better scores (Fig. 17, red curve) are obtained, especially for thresholds
lower than 20 mmh−1 and for EQTS index once compared with blue curve (1 loop). On
the contrary, for higher thresholds (30 mmh−1) positive results for the EQTS and FAR25

(green curve, Fig. 17, bottom panel) are obtained if using 3 outer loops.
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7 Summary and conclusions

A heavy rainfall event in the urban area of Rome is used to investigate the impact of
assimilation of radar data on the WRF forecast. In order to provide model Initial Con-
ditions with high-resolution information, radar radial velocity and reflectivity data are
assimilated using the WRF-3DVAR scheme. Several forecast experiments, including5

cold start and warm start, sensitivity tests to a different assimilation strategy and to
multiple outer loops, to assess the impact of radar data assimilation are performed.

Major conclusions are summarized as follows:

– the warm start experiment (Exp2) clearly shows an improved forecast with respect
to the cold start experiments (Exp1);10

– “3 h-DA cycle” assimilation strategy (Exp3) produces improved forecast although
it needs more accurate analysis;

– the outer loops strategy allows assimilation of a larger number of observations, in
fact by increasing the outer loop iterations, more observations are getting assimi-
lated into WRF-3DVAR; this turns into a forecast improvement, especially for very15

localized cells as for Exp2.

In conclusion, the assimilation of radar radial velocity and reflectivity data seems to
have a positive impact on the forecast of precipitation, especially when they are in-
gested together with conventional observations and warm start (or cycling) is used.
This is because the cycling benefits from the information transfer of the previous fore-20

cast. However, the cycling should be used with caution because the analysis can in-
clude noise and imbalances.

Finally, three important limitations that have certainly influenced the results are:
(1) the lack of the ice phase in the 3DVAR microphysics, (2) computation of B ma-
trix could be improved by using the ensemble forecasts or the Ensemble Kalman Filter,25

(3) the absence of radar observations on the Tyrrhenian coastline from where the sys-
tem approaches.
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Moreover, the technique of multiple outer loops should be further investigated with
different background error statistics tuning, but unfortunately each extra outer loop is
equivalent to one analysis run in term of execution time. Also thinning of radar data has
to be undertaken either to reduce the observation-error spatial correlation or to reduce
the computational cost of the assimilation (Montmerle and Faccani, 2009).5

For the next future we are exploring the possibility of extending the radar assimilation
procedure using data from several operative radars located on Central Italy, including
also dual-polarization systems.
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Table 1. Description of the WRF experiments.

Exp0 initialized using ECMWF analysis and no data assimilation
Exp1 cold start with radar data assimilation, using ECMWF

analysis as FG
Exp2 warm start with assimilation of both conventional

and radar data, using a previous WRF forecast lasting
24 h as FG

Exp3 warm start obtained from a 3 h-DA cycle, with
assimilation of both conventional and radar data,
using a 3 h WRF forecast cycle as FG
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Table 2. Values of CAPE, LI, and KINX indexes for PDM sounding and those produced by
model at the same time and location.

PDM Exp0 Exp1 Exp2 Exp3

CAPE (Jkg−1) 193.18 79 76 76 214
LI (◦C) −0.28 −0.4 −0.4 −0.4 −1.4
KINX (◦C) 31.30 30 30 30 31
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Table 3. Description of the experiments performed using 3DVAR with multiple outer loops.

Exp1_2OL As Exp1, setting 2 outer loops Exp1_3OL As Exp1, setting 3 outer loops
Exp2_2OL As Exp2, setting 2 outer loops Exp2_3OL As Exp2, setting 3 outer loops
Exp3_2OL As Exp3, setting 2 outer loops Exp3_3OL As Exp3, setting 3 outer loops
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2.1 Case description: the Aniene event 95 

During 19-22 May 2008 a heavy rainfall event occurred in the urban area of Rome. In the first 96 

hours of 19 May a cyclonic circulation (Fig.1a, b) on the southern Mediterranean Sea, associated to 97 

an intrusion of cold air from Scandinavia, caused instability on the Italian peninsula. During 20 98 

May (Fig.1c, d) a deep cyclonic circulation developed on the Genoa Gulf, causing severe weather 99 

condition. Southwesterly flow started to blow over Tyrrhenian sea advecting warm and humid air 100 

toward the area of Rome (Fig. 1c, d) destabilizing the atmosphere.  101 

        102 

       103 

       Figure 1. ECMWF analyses at 0600UTC on 19 May 2008: a) temperature and geopotential 104 

height, at 500hPa, b) mean sea level pressure and surface wind; ECMWF analyses at 0600UTC on 105 

20 May 2008: c) temperature and geopotential height, at 500hPa, d) mean sea level pressure and 106 

surface wind. 107 

During the evening of 20 May, as described in sec.2.2, the Monte Midia radar recorded reflectivity 108 

echoes with values reaching 50-55 dBZ in the north-east area of Rome, suggesting the onset of 109 

b a 

c d 

Fig. 1. ECMWF analyses at 06:00 UTC on 19 May 2008: (a) temperature and geopoten-
tial height, at 500 hPa, (b) mean sea level pressure and surface wind; ECMWF analyses at
06:00 UTC on 20 May 2008: (c) temperature and geopotential height, at 500 hPa, (d) mean sea
level pressure and surface wind.
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5 

 

convective precipitation and echoes with reduced values of reflectivity (35-40 dBZ), more likely 110 

associated to stratiform precipitation. Thanks to its cyclonic structure, this event was interesting 111 

because it allowed analyzing both types of precipitation. The two types of echoes were registered 112 

all day long. To better understand the meteorological evolution of the event the instantaneous 113 

radiance at IR 10.8 µm and the rain rate (RR in mm/h) registered from MSG (Meteosat Second 114 

Generation) and estimated from the Italian national radar network are shown (Fig. 2). In the early 115 

afternoon the precipitation is restricted to the urban area of Rome (RM, Fig. 2A), to reach later the 116 

south-eastern part of RM with local showers (Fig. 2B). In the evening, precipitation occurred again 117 

on the urban area of RM (Fig. 2C), while at 2200UTC, the rainfall moved toward east close to 118 

L’Aquila (AQ, Fig. 2D).  119 

 120 

  121 

  122 

Figure 2. MSG IR 10.8 µm and national radar network estimated rain rate (mm/h) images on 123 

Central Italy during May 20: (A), RR at 1400UTC + MSG at 1330UTC; (B), RR at 1600UTC + 124 

MSG at 1530UTC; (C), RR at 2000UTC + MSG at 1930UTC; (D), RR at 2200UTC 20 May + 125 

MSG at 2130UTC. 126 

A B 

C D 

Fig. 2. MSG IR 10.8 µm and national radar network estimated rain rate (mmh−1) images
on Central Italy during 20 May: (A) RR at 14:00 UTC+MSG at 13:30 UTC; (B) RR at
16:00 UTC+MSG at 15:30 UTC; (C) RR at 20:00 UTC+MSG at 19:30 UTC; (D) RR at
22:00 UTC 20 May+MSG at 21:30 UTC.
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6 

 

 127 

2.2 Radar data processing 128 

The GTS (Global Telecommunication System) conventional observations - SYNOP (Surface 129 

synoptic observations) and TEMP (upper level temperature, humidity and winds) - and non 130 

conventional (radar) data are used in this study. In particular, the data from Monte Midia radar 131 

(42°03’28’’ N, 13°10’38’’ E), provided by the Centro Funzionale of Abruzzo Region, are 132 

assimilated to improve high resolution Initial Conditions. This is a C band Doppler radar located at 133 

the border between the Abruzzo and Lazio regions (Fig. 3, shows the Monte Midia radar coverage 134 

and site) placed at 1710m from the sea level, covering most of Central Italy including the Abruzzo 135 

inland and the urban area of Rome. Reflectivity and radial velocity are detected every 15 minutes, 136 

at 500m horizontal resolution with four antenna elevations angles (0°, 1°, 2°, 3°).  137 

 138 

Figure 3. Monte Midia radar site. Panel A shows the location between the Abruzzo (to the right) 139 

and Lazio (to the left) regions, radar coverage (gray circle) and rain gauges network (red plus) used 140 

for its calibration, whereas panel B shows radar antenna on the top of 50m height tower. 141 

It is well known that radar observations can be affected by several sources of errors mainly due to 142 

ground clutter, attenuation and radio interferences. Particularly, weather radar operating in complex 143 

orography may be affected by a significant beam blockage which can strongly degrade monitoring 144 

capabilities and accordingly rainfall estimation at ground.  145 

For such reason, a preliminary procedure to correct acquired radar data is applied, before using 146 

them into numerical models. Echoes produced by a non-meteorological source such as mountain’s 147 

clutter returns, WLAN (wireless local area network) interference signals and other impairments 148 

have been removed applying a Doppler filter and a suitable texture filter. Partial beam blockage is 149 

Fig. 3. Monte Midia radar site. (A) shows the location between the Abruzzo (to the right) and
Lazio (to the left) regions, radar coverage (gray circle) and rain gauges network (red plus) used
for its calibration, whereas (B) shows radar antenna on the top of 50 m height tower.
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10 

 

The Weather Research and Forecasting model version 3.2 (Wang et al., 2011) is used for this study.  244 

Three two-way nested domains (Di) centered over the area where high precipitation occurred (Fig. 245 

4), with a resolution in km of 21.2 (D1), 7.06 (D2) and 2.35 (D3) respectively and 37 eta η vertical 246 

layers are used. 247 

          248 

Figure 4. Model configuration for WRF-ARW simulations using three two-way nested domains : a) 249 

coarse resolution domain D01 with ∆x= 21.2km; b) the high resolution D03 (∆x=2.35km), centered 250 

where high precipitation occurred, includes Monte Midia radar (red dot in the figure). Topography 251 

contour interval = 500m. 252 

 253 

All of the physical parameterizations in our experiments are the same, which include WRF Single-254 

Moment 6-class (Hong and Lim, 2006) explicit microphysical scheme, the Kain – Fritsch (2004) 255 

for the cumulus convection, for D1 and D2 only, the Yonsey University scheme (Hong et al., 2006) 256 

for the Planetary Boundary Layer, Rapide Radiative Transfer Model (Mlawer et al., 1997) and 257 

Dudhia (1989) schemes for longwave and shortwave radiation respectively. 258 

 259 

4.2 WRF-3DVAR setup  260 

To the aim of investigating the impact of radar data on the model precipitation, several Initial 261 

Conditions (ICs) using different assimilation strategies are produced for WRF using 3DVAR. 262 

Besides the first guess xb and observations yo, as explained in the Sect. 3.1, another important input 263 

for WRF-3DVAR is the background error covariance matrix B, computed using NMC-method 264 

which accounts for ECMWF data on Mediterranean basin. To estimate the NMC-based error 265 

a 

b 

Fig. 4. Model configuration for WRF-ARW simulations using three two-way nested domains:
(a) coarse resolution domain D01 with ∆x = 21.2 km; (b) the high resolution D03 (∆x =
2.35 km), centered where high precipitation occurred, includes Monte Midia radar (red dot in
the figure). Topography contour interval = 500 m.
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11 

 

statistics, two forecasts have been performed every day for a period of 4 weeks, starting on 15 May 266 

2008: a 24-h forecast (starting from 0000UTC) and a 12-h forecast (starting from 1200UTC). The 267 

differences between the two forecasts at t+24 and t+12 respectively are used to calculate the 268 

domain-averaged error statistics.  269 

 270 

4.3 Experimental design  271 

A total of four WRF experiments are performed using the ICs produced by the WRF-3DVAR 272 

system: the control experiment (Exp0) is initialized using ECMWF analysis (0.25 x 0.25 degree) 273 

and no data assimilation is performed; Exp1 is as Exp0, but the assimilation of Monte Midia radar 274 

data (both reflectivity and radial velocity) using a specific B calculated for each domain is 275 

performed; a warm start from a previous 24h WRF forecast and assimilation of both conventional 276 

data and radar data is used for Exp2; Exp3 is initialized using a 3-hour WRF forecast cycle (Fig. 5) 277 

with assimilation of both conventional data and radar data from 0000UTC to 0600UTC 20 May 278 

2008. For both Exp2 and Exp3 a specific background error covariance matrix calculated for each 279 

domain is used. Data assimilation is performed on each domain and one outer loop is used as 280 

default. 281 

 282 

Figure 5. Scheme for 3-hour cycling procedure adopted for Exp3: in the six hours before the 283 

forecast start time (0600UTC 20 May), assimilation of both radar and conventional observations is 284 

performed every 3 hours. 285 

 286 

Fig. 5. Scheme for 3 h cycling procedure adopted for Exp3: in the six hours before the forecast
start time (06:00 UTC 20 May), assimilation of both radar and conventional observations is
performed every 3 h.
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 PDM  Exp0 Exp1 Exp2 Exp3 

CAPE (J/kg) 193.18 79 76 76 214 

LI (°C) -0.28 -0.4 -0.4 -0.4 -1.4 

KINX (°C) 31.30 30 30 30 31 

 306 

A large underestimation of CAPE for most of the experiments is found except for Exp3, which 307 

produces a value closer to the observed one than the other experiments, whereas LI is 308 

overestimated, but still in the range of a weak chance of severe thunderstorm. Finally, KINX is 309 

pretty the same for all the experiments, inferring that all of them produce a thundery atmosphere. 310 

These results would suggest that the warm start 3h cycling used for this experiment slightly 311 

increases the potential for thunderstorm development. 312 

The observed (Fig. 6) and the WRF-3DVAR radio sounding at Pratica Di Mare at 0600UTC 20 313 

May 2008 clearly show (Fig. 7) no differences among Exp0, 1 and 2, but differences are found with 314 

respect to the observed one especially between 850hPa and 700hPa. Exp3 (Fig. 7d) shows higher 315 

moisture content below 700hPa than the other experiments (Fig. 7a, b, c) increasing the agreement 316 

with the observed one (Fig. 6). This higher moisture content justifies the higher K-index and 317 

atmospheric instability. These support the more unstable atmosphere as indicated by the convective 318 

indices. Finally, the wind does not show any difference among the experiments (Fig. 7) and a fair 319 

agreement for all of them with the observed one (Fig. 6). 320 

 321 

Figure 6. PDM sounding at 0600UTC 20 May 2008. 322 
Fig. 6. PDM sounding at 06:00 UTC 20 May 2008.
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 323 

                324 

    Exp0                                                                           Exp1 325 

                326 

     Exp2                                                                             Exp3 327 

Figure 7. WRF sounding at 0600UTC 20 May 2008 at PDM for: a) Exp0; b) Exp1;c) Exp2; d) 328 

Exp3. 329 

                                                          330 

5.2 WRF versus radar reflectivity and rainfall  331 

The impact of Monte Midia radar data assimilation on the forecast is evaluated by comparing the 332 

observed reflectivity and estimated rain rate with those produced by the WRF experiments. 333 

 334 

5.2.1 Impact of ICs’ on WRF forecast 335 

a b 

c d 

Fig. 7. WRF sounding at 06:00 UTC 20 May 2008 at PDM for: (a) Exp0; (b) Exp1; (c) Exp2;
(d) Exp3.
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The radar detected reflectivity of approximately 50-55 dBZ at 1400UTC associated to a few small 336 

intense convective cells north-south oriented between Rome (RM) and Rieti (RI) (solid red oval in 337 

Fig. 8). Another area of moderate precipitation (about 40 dBZ) between the border of Lazio and 338 

Abruzzo (red arrow in Fig. 8) was also detected. Most of the WRF experiments succeed in 339 

reproducing the cells orientation, except for Exp3, but an underestimation is found (Fig. 9). Exp0 340 

underestimate the number of cells in the red circle (Fig. 9 top left), but correctly reproduces their 341 

intensity. On the contrary, Exp0 overestimates the cells along the boundaries (Fig. 9 top left, red 342 

arrow), both in intensity and size. Similarly Exp1 overestimates the intensity and the size of the 343 

cells indicated by the red arrow (Fig. 9, top right). Moreover, the size and the intensity of the cells 344 

inside the red circle is overestimated (Fig. 9, top right) . Exp2 shows a different cells distribution 345 

inside the red circle, but with the same intensity as Exp0 (Fig. 9, bottom left), whereas an 346 

overestimation in size and intensity of the radar reflectivity in the area indicated by the red arrow is 347 

found. Exp3 does not reproduce any cell inside the red circle, but correctly reproduces the size and 348 

the intensity of the cells along the boundaries between Lazio and Abruzzo. These results suggest 349 

that WRF enhances convection, especially when data assimilation and warm start are performed as 350 

for Exp2, but the 3h cycling strongly impacts the dynamic of the cyclone, changing the timing of 351 

occurrence and the intensity of convection. 352 

  353 

Figure 8. Monte Midia radar reflectivity at 1400UTC 20 May 2008. The solid red circle and the red 354 

arrows indicate the precipitation patterns selected for the analysis.  355 

 356 

1400UTC 20 MAY 

Fig. 8. Monte Midia radar reflectivity at 14:00 UTC 20 May 2008. The solid red circle and the
red arrows indicate the precipitation patterns selected for the analysis.
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     357 

 Exp 0                                                     Exp1 358 

     359 

 Exp2                                                     Exp3 360 

Figure 9. WRF Reflectivity at 1400UTC on 20 May 2008 for experiments Exp0, Exp1, Exp2 and 361 

Exp3.  362 

 363 

Similarly to the reflectivity, a comparison between the observed and the WRF 12h accumulated 364 

rainfall is now performed. The 12h accumulated precipitation ending at 2200UTC on 20 May 2008 365 

clearly shows (Fig. 10 and 11) that, beside a correct maximum amount the first three experiments 366 

produce a rainfall areal distribution barely comparable to the observed. On the contrary, Exp3 (Fig. 367 

11, bottom right) overestimates the precipitation but well reproduces rainfall pattern except for the 368 

precipitation on the northwestern side of Rome. In fact, the precipitation both on northeast and east  369 

Fig. 9. WRF Reflectivity at 14:00 UTC on 20 May 2008 for experiments Exp0, Exp1, Exp2 and
Exp3.
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                                            370 

Figure 10. 12-h accumulated rainfall ending at 2200UTC 20 May 2008 estimated by radar. 371 

    372 

  Exp 0                                          Exp1 373 

    374 

  Exp 2                                          Exp3 375 

Figure 11. 12-h accumulated rainfall ending at 2200UTC 20 May 2008 estimated by WRF 376 

experiments Exp0, Exp1, Exp2 and Exp3. 377 

Fig. 10. 12 h accumulated rainfall ending at 22:00 UTC 20 May 2008 estimated by radar.
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                                            370 

Figure 10. 12-h accumulated rainfall ending at 2200UTC 20 May 2008 estimated by radar. 371 

    372 

  Exp 0                                          Exp1 373 

    374 

  Exp 2                                          Exp3 375 

Figure 11. 12-h accumulated rainfall ending at 2200UTC 20 May 2008 estimated by WRF 376 

experiments Exp0, Exp1, Exp2 and Exp3. 377 

Fig. 11. 12 h accumulated rainfall ending at 22:00 UTC 20 May 2008 estimated by WRF exper-
iments Exp0, Exp1, Exp2 and Exp3.
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of Frosinone (FR, Fig. 11 bottom right) is fairly reproduced as well as an attempt to reproduce the 378 

signal of almost no precipitation on the left side of the Apennine increasing again along the east 379 

coast (Fig. 10 and 11 bottom right) 380 

Therefore, the previous results would suggest Exp3 as the only one able to reproduce this event. 381 

 382 

5.3 Effects on some statistical indicators 383 

In order to objectively compare the experiments carried out for the Aniene event, four statistical 384 

indicators are used (Wilks, 1995): forecast accuracy (ACC), false alarm rate (FAR), frequency bias 385 

(FBIAS) and equitable threat score (EQTS). The forecast evaluation is performed using rain gauges 386 

data, coming from the stations of the Lazio region (Fig. 12, yellow dots), providing 12h 387 

accumulated precipitation. Figure 12 shows also the Aniene basin (green line) and the total amount 388 

of interpolated precipitation registered for the entire event 19-22 May 2008. 389 

 390 

 391 

Figure 12. Map of rain gauges stations over Lazio region (yellow dots), contour of the Aniene basin 392 

(green line) and total accumulated rainfall for the period 19-22 May 2008. [Courtesy of: Centro 393 

Funzionale of Lazio Region] 394 

 395 

The ACC index shows the accuracy of the forecast, a perfect forecast has ACC=1; FAR estimates 396 

the forecast frequency failures, a perfect forecast has FAR=0; FBIAS gives information on the 397 

Fig. 12. Map of rain gauges stations over Lazio region (yellow dots), contour of the Aniene
basin (green line) and total accumulated rainfall for the period 19–22 May 2008 (Courtesy of:
Centro Funzionale of Lazio Region).
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correctness of the precipitation forecast: values greater than 1 indicates an overestimation in the 398 

number of forecast events, the perfect value is FBIAS=1; EQTS, whose best value is 1, represents 399 

the fraction of the events correctly reproduced taking into account random hit chance; the EQTS 400 

index may have values lower than or near zero if the forecasts are wrong so values of 0.5/0.6 are 401 

considered fairly good.  402 

Figure 13 shows the results for the previous indices for the 12h accumulated rainfall ending at 403 

0400UTC 21 May 2008 as a function of different thresholds. ACC, FBIAS and EQTS display the 404 

best values for Exp3 (Fig. 13, pink line) for thresholds lower than approximately 20 mm/h, whereas 405 

for higher thresholds only Exp2 (Fig. 13, green curve) produces results better than the others, 406 

especially for EQTS. It is well known that a good EQTS may be associated to an overestimation of 407 

the precipitation. In fact, Exp3 has the worst FAR for almost all thresholds. These results would 408 

support the previous finding that the experiment performed using the ICs produced by a warm start 409 

using a 3h cycle improve the forecast. 410 

 411 

 412 

Figure 13. ACC (top left), FBIAS (top right), EQTS (bottom left) and FAR (bottom right) used for 413 

the objective analysis of the four experiments as a function of threshold. The color code is: Exp0 414 

Fig. 13. ACC (top left panel), FBIAS (top right panel), EQTS (bottom left panel) and FAR (bot-
tom right panel) used for the objective analysis of the four experiments as a function of thresh-
old. The color code is: Exp0 blue line, Exp1 red line, Exp2 green line, Exp3 pink line. Rainfall
ending at 04:00 UTC 21 May 2008.
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blue line, Exp1 red line, Exp2 green line, Exp3 pink line. Rainfall ending at 0400UTC 21 May 415 

2008. 416 

 417 

6. Impact of multiple outer loops strategy  418 

Based on the previous results, a set of sensitivity tests for WRF-3DVAR are performed for Exp1, 419 

Exp2 and Exp3. These new experiments are carried out using 2 and 3 outer loops during the 420 

assimilation procedure (Table 3). Multiple outer loops strategy allows for including the non-421 

linearity in the observation operators and for assessing the influence of observations entering for 422 

each cycle. 423 

   Table 3. Description of the experiments performed using 3DVAR with multiple outer loops. 424 

Exp1_2OL As Exp1, setting 2 outer loops Exp1_3OL As Exp1, setting 3 outer loops 

Exp2_2OL As Exp2, setting 2 outer loops Exp2_3OL As Exp2, setting 3 outer loops 

Exp3_2OL As Exp3, setting 2 outer loops Exp3_3OL As Exp3, setting 3 outer loops 

 425 

Figure 14 shows the impact of the outer loops on the reflectivity for Exp1. Clearly, the 426 

overestimation of the line of convective cells on 20 May (Fig. 9 right top, to compare with red 427 

circle on Fig. 8) is largely reduced turning into a better reproduced structure: three single cells 428 

north-south aligned are now produced by using multiple outer loops for Exp1_2OL (Fig. 14, left).429 

  430 

             431 

Exp1_2OL                                                         Exp1_3OL 432 

Figure 14. Reflectivity simulated by the experiment Exp1 with 2 and 3 outer loops at 1400UTC 20 433 

May 2008. 434 

Fig. 14. Reflectivity simulated by the experiment Exp1 with 2 and 3 outer loops at 14:00 UTC
20 May 2008.
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If three outer loops are used the convection completely disappear.         435 

For Exp2 the positive impact of multiple outer loops is clearly visible once again for the convective 436 

line between RM and RI if using 2 outer loops (Fig. 15, Exp2_2OL). Also in this case the three 437 

loops deteriorate the results but in the opposite direction with respect to Exp1. In fact, in this case 438 

an overestimation of the reflectivity in the area between Rieti and Roma is found (Fig. 15, right).   439 

 440 

         441 

 Exp2_2OL                                                           Exp2_3OL 442 

Figure 15. Reflectivity simulated by the experiment Exp2 with 2 and 3 outer loops at 1400UTC 20 443 

May 2008. 444 

Finally, a quite different impact is obtained for Exp3 (Fig. 16); the line of convective cells starts 445 

forming especially when 3 outer loops are used, even if their intensity is not comparable to the 446 

observed one (Fig. 8, red circle).  447 

       448 

Exp3_2OL                                                    Exp3_3OL 449 

Fig. 15. Reflectivity simulated by the experiment Exp2 with 2 and 3 outer loops at 14:00 UTC
20 May 2008.
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If three outer loops are used the convection completely disappear.         435 

For Exp2 the positive impact of multiple outer loops is clearly visible once again for the convective 436 

line between RM and RI if using 2 outer loops (Fig. 15, Exp2_2OL). Also in this case the three 437 

loops deteriorate the results but in the opposite direction with respect to Exp1. In fact, in this case 438 

an overestimation of the reflectivity in the area between Rieti and Roma is found (Fig. 15, right).   439 

 440 

         441 

 Exp2_2OL                                                           Exp2_3OL 442 

Figure 15. Reflectivity simulated by the experiment Exp2 with 2 and 3 outer loops at 1400UTC 20 443 

May 2008. 444 

Finally, a quite different impact is obtained for Exp3 (Fig. 16); the line of convective cells starts 445 

forming especially when 3 outer loops are used, even if their intensity is not comparable to the 446 

observed one (Fig. 8, red circle).  447 

       448 

Exp3_2OL                                                    Exp3_3OL 449 

Fig. 16. Reflectivity simulated by the experiment Exp3 with 2 and 3 outer loops at 14:00 UTC
20 May 2008.
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Figure 16. Reflectivity simulated by the experiment Exp3 with 2 and 3 outer loops at 1400UTC 20 450 

May 2008. 451 

 452 

To better evaluate the impact of outer loops ACC, FAR, FBIAS and EQTS are used. Only the 453 

results for Exp2 are shown. If 2 outer loops are used during the assimilation process better scores 454 

(Fig. 17, red curve) are obtained, especially for thresholds lower than 20 mm/h and for EQTS index 455 

once compared with blue curve (1 loop). On the contrary, for higher thresholds (30 mm/h) positive 456 

results for the EQTS and FAR (green curve, Fig. 17 bottom) are obtained if using 3 outer loops. 457 

 458 

Figure 17. ACC, FBIAS, EQTS and FAR for Exp2 about outer loops sensitivity: 1 loop green line; 459 

2 loop red line; 3 loop blue line. Rainfall ending at 0400UTC 21 May 2008. 460 

 461 

7 Summary and conclusions 462 

A heavy rainfall event in the urban area of Rome is used to investigate the impact of assimilation of 463 

radar data on the WRF forecast. In order to provide model Initial Conditions with high-resolution 464 

information, radar radial velocity and reflectivity data are assimilated using the WRF-3DVAR 465 

Fig. 17. ACC, FBIAS, EQTS and FAR for Exp2 about outer loops sensitivity: 1 loop green line;
2 loop red line; 3 loop blue line. Rainfall ending at 04:00 UTC 21 May 2008.
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