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Abstract — Madeira Island, Portugal, faced an intense heavy rainfall on 20 February 2010 which lost more
than 40 lives and caused great damage. This event is recorded as one of the major flash flood events during
the past three decades. Keeping this in view, in the present study a series of numerical experiments using the
Weather Research Forecasting model and MESO-NH model at very high resolution of 1 km are performed.
Lateral and boundary conditions are updated every 6 hours using NCEP FNL data for WRF model and with
ECMWEF IFS data for MESO-NH model, available at 1 degree and 0.25 degree resolutions, respectively.
The WRF model is designed with four nested domains and an inner domain with 1 km resolution centered
on the island, which is the area of interest. MESO-NH model is integrated with 3 domains and inner domain
at 1 km resolution located over Madeira Island.

Both models show that the extreme rainfall event was originated by the effect of orography on the
prevailing large scale flow of a conditionally unstable moist air. Experiments for other heavy rainfall events
over Madeira show the same mechanism, indicating the capability of high resolution mesoscale models in
reproducing this type of events. At higher resolution, convection parameterization schemes are not so
important to resolve mesoscale cloud features but microphysics schemes are important. In this aspect we
performed a series of sensitivity experiments with different microphysics schemes. Different cloud
microphysical properties are examined and discussed. These cloud microphysical parameters are compared
with satellite retrievals. Results indicate that the model is sensitive to different microphysics schemes.
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1 INTRODUCTION

In Numerical Weather Prediction NWP) Models,
representation of precipitation physics is crucial
in predicting precipitation. Rainfall prediction
with NWP models is made by representing grid
resolvable processes through an  explicit
representation of clouds and precipitation
processes, and by the parametrization of sub-grid
scale precipitation due to convection and cumulus
At very high resolution (order of 1 km) the
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cumulus parametrization is not needed as most of
the convective precipitation may be explicitly
represented. In high resolution NWP models, grid
resolvable precipitation algorithms are important
for improving rainfall forecasts. As grid distance
decrease, the explicit representation of
microphysical processes plays an increasingly
important role in NWP models. There are two
broad types of microphysics schemes, bin or
spectral microphysics and bulk microphysics
parameterizations. In the bin schemes, tens of
mass bin represent the particle spectra and the
evolution size distribution is explicitly calculated
[1 to 9]. In bulk schemes, the cloud particle size
distribution is prescribed and the mixing ratio and
number concentration for each type of particle are
predicted [10 to 18]. These bulk schemes predict
the number concentrations and mixing ratios of
hydrometeor species, which increases the degrees
of freedom and potentially improves the particle
size distributions. Bulk parameterization methods
are commonly used in NWP models [11, 13, 15,
16] due to computational advantages. Most of
these schemes assumes the hydrometeor size
spectra to follow a prescribed exponential or
gamma distribution [14, 19]. Many studies tried
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to understand the wvariations in precipitation
species parameters and their variations on
precipitation [14, 15, 16, 20]. These studies show
the impact of cloud microphysics on global
radiative convective quasi-equilibrium in a
constant SST at 1 km grid spacing. On complex
orography Grubsic et al, 2005 examined the skill
of MMS5 model at 1.5 km resolution, during heavy
rainfall over Sierra Nevada and they studied the
sensitivity of different microphysical
parameterizations and horizontal resolution. The
sensitivity of summertime convective predictions
to bulk microphysics parameterizations at fine
grid spacing was studied by Liu et al, 2007 [22].
The relative  importance of  ice-phase
microphysics and sedimentation velocity for
hydrometers are reported by Hong et al, 2009 [20]
in two bulk microphysics schemes, the single
momentum  6-class  Microphysics  scheme
(WSM6) and Purdue-Lin scheme for heavy
rainfall event over Korea. This study shows the
role of ice-phase microphysics and fall velocity
for ice particles in bulk type parameterizations
approach of clouds and precipitation.

In this study the advanced Research Weather
Research and Forecasting (ARW) model [23] is
used to test the sensitivity in of four bulk
microphysics schemes include (Kessler, Purdue-
Lin, Ferrier and Thompson) for heavy rainfall
event over Madeira on 20 Feb 2010. The Kessler
scheme [19] is called a simple warm rain scheme
as it has no ice phase. This includes water vapor,
cloud water and rain. Purdue-Lin [24] is a
relatively sophisticated scheme, which includes
water vapor, cloud water, cloud ice, rain, snow
and graupel. The Ferrier [13] scheme predicts
changes in water vapor and condensate in the
form of cloud rain, cloud water, cloud ice and
precipitation ice. The individual hydrometeor
fields are combined into total condensate and it is
the water vapor and total condensate that are
advected in the model. Thompson scheme [25]
assumes that snow size distribution depends upon
both ice water content and temperature and both
are represented as a sum of exponential and
gamma distributions. In this scheme snow
assumes a non-spherical shape with a bulk density
which differs from all other bulk schemes,
assuming spherical snow with constant density. A
summary of options indicating the number of
moisture variables and whether ice-phase and
mixed-phase processes are included are shown in
Table 1.

2. DESCRIPTION OF THE MADEIRA AND
ASSOCIATED RAINFALL EVENT:

Madeira is a Portuguese archipelago situated in
the North Atlantic Ocean around 700 km off the
African coast, at a distance of 980 km from

Lisbon, with roughly 250000 inhabitants. Madeira
is the largest island of the group, with a surface
area of about 741 km®, a maximum length of 57
km, a width of 22 km at its widest point, and a
coastline of about 150 km. Its longer axis presents
an cast-west orientation, along which a mountain
chain with a mean altitude of 1220 m extends,
considered the backbone of the island from which
many deep ravines radiate outward to the coast.
The highest point on the island is Pico Ruivo, at
1,862 m and the capital is Funchal, a city located
in the southern coast of the island. Madeira Island
was recently affected by the overpass of a very
strong tempest, with severe consequences for the
population and territory, turning out to be one of
the worst flash floods in the history of the
Portuguese archipelago. The heavy rainfall that
occurred in a relatively short time, combined with
Madeira's geography of steep slopes slanting
towards the coast and the urban land use much
connected to tourism, the main subsistence
income of the island, as well as the saturated soil
caused by a rigorous winter, complicated the
water runoff and ground drainage, leading to the
formation of mudslides and flooding that swept
up everything in their path. The observed rain fall
at different stations on Madeira Island are: at
Funchal is 150mm, 400mm at Areeiviro and
103mm at Ponta Sol. The disaster caused more
than 40 deaths, several missing and wounded
people, as well as a vast range of material losses,
including the destruction of houses, industries,
roads, bridges and several thousands of vehicles,
the interruption of water and power supplies, as
well as of telecommunications, and the
devastation of cultivated fields, which will
strongly impact local agriculture.

Scheme Num. of | Ice Mixed-
Variable | Phase Phase
proc. Proc.
Kessler 3 N N
Purdue Lin 6 Y Y
Ferrier 2 Y Y
Thompson 7 Y Y

Table 1: Summary of options considered in
different schemes

An official report from National Weather Service
[26] showed that the heavy rainfall was associated
with a plume of deep moisture which came across
the Atlantic Ocean and took aim at the Islands.
The precipitable water (PW) anomalies from the
“rum-runner express” were on the order of 4 to 5
SD deviations above normal. This atmospheric
river of deep moisture was associated with this
devastating rainfall event. Meteorologically, there
were several factors which contributed to this
heavy rainfall event. This included the high
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latitude block over Greenland and the southward
shift of the westerlies. A deep cyclone was located
over the central Atlantic basin. The plume of high
PW air with values over 42 mm and anomalies
over 4SDs above normal took aim at the Island.

3. MODEL DESIGN AND DATA USED FOR
THIS STUDY

Advanced Research Weather Research and
Forecasting model (ARW) developed by NCAR,
USA is used in the present study. It is a limited
area, primitive equation, non-hydrostatic and
terrain following sigma coordinate model. The
description of the model is given in Skamarock et
al. 2008 [23]. The model is highly flexible to
choose the domain, horizontal/ vertical resolution,
interactive nested domain and incorporates
several parameterizations for different physical
processes such as convection, radiation,
microphysics, surface fluxes and boundary layer
turbulence. The physics used for this study in the
model includes the Dudhia shortwave radiation
scheme, RRTM longwave radiation scheme, YSU
non-local scheme for PBL turbulence, 5 layer soil
thermal diffusion scheme for surface processes
and the Kain-Fritsch scheme for convection and
four different explicit moisture schemes were
used to assess the sensitivity of different
microphysical processes. The model is integrated
with four nested domains with the horizontal
resolutions of 27, 9, 3 and lkm. The initial and
boundary conditions are adopted from NCEP FNL
analysis data available at 1 degree resolution. The
model is designed with 41 vertical levels in which
30 levels are below 500 hPa to resolve reasonable
boundary layer fluxes. Four sets of experiments
arc performed with different microphysics
schemes and model experiments are integrated for
72 hours starting from 12UTC of 19 Feb 2010.
Model results were compared with the
observations collected from Institute of
Meteorology, Portugal and also from satellite
retrievals. Results from these comparisons are
shown in Fig. 1.

The MESO-NH model [27] was run on three
nested grids with horizontal resolutions of 9, 3
and 1 km, respectively, and 45 stretched vertical
levels. MESO-NH was initialized and forced by
the European Centre for Medium-Range Weather
Forecast (ECMWF) IFS model analysis (for
initialization) and forecast (for boundary
conditions), updated every three hours. The model
For the representation of stratiform clouds and
explicit ~ precipitation, the mixed-phase
microphysical scheme developed by Pinty and
Jabouille (1998) [28] was wused, which
distinguishes six classes of hydrometeors (water
vapour, cloud water, liquid water, ice, snow, and
graupel). The Kain-Fritsch convection scheme
type [30] was activated in the two coarser grids (9
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and 3 km), while convection was assumed to be
explicitly resolved for the 1-km grid. The
MesoNH radiation scheme treats successively the
longwave and shortwave radiative transfer
equations for independent air columns [30, 31].
The exchange flux between the atmosphere and
the surface was taken into account using the
physical parameterizations included in the
externalized surface (SURFEX) package as
described in Salgado and Le Moigne (2010) [29].

4. RESULTS AND DISCUSSIONS:

Four experiments with different explicit moisture
schemes were performed with ARW model. Each
model produced rainfall distribution for the period
00UTC of 20 to O0UTC of 21 February, 2010,
which were presented in Figure 1 for analysis.
From the results, it is very interesting to note that
each scheme produced heavy rainfall with
different intensities. The experiment with Ferrier
scheme produced more rainfall of nearly 45
cm/day than the observation which was of about
40 cm/day and location is are well agreeing with
the observations. This result is in reasonably good
agreement with the observations but with slight
over estimation of the wvalues. Other three
experiments are shown with maximum values of
30 cm/day but indicating almost the same location
for the maxima. In these three experiments, the
location of maxima rainfall is approximately the
same but the extension area is quite different.
From Figure la, obtained with Kessler scheme,
the maximum of rainfall is located at two sites
with an extent of nearly Skm over the top of the
mountains. Experiment with Purdue-Lin scheme
(Figure 1b) give as location of maximum rainfall
over two places but the extension areas are a little
less comparatively with the Kessler scheme,
especially in the south of the domain. With
Thompson scheme (Figure 1d) the maximum
amount of rainfall is also located over two places
like with the Kessler scheme, but with a lower
arca. Interestingly in all three schemes, the
maximum locations are almost at the same place,
only varying the extent of rainfall area. From
Figure lc, results with Ferrier scheme are
different from all other three experiments. The
model simulated rainfall value with Ferrier
scheme is much higher than all other three
experiments. It is of about 45 cm/day and it is
over estimated with the observations. In addition,
the extent of area is quite large comparatively
with the other three experiments. These results
indicate the importance of each cloud resolving
schemes used for this study.
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Figure 1: ARW Model produced daily
rainfall (cm) with different explicit
moisture schemes during 00UTC of 20 to
O0UTC of 21 Feb, 2010. (a) Kessler (b)
Purdue Lin (c) Ferrier and (d) Thompson
schemes. Numbers indicates observed
rainfall values at that station.
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Figure 2: MESO-NH Model produced
daily rainfall (mm) along with
topography.

The results of the MESO-NH simulations confirm
the possibility of obtaining accurate rainfall
forecasts over isolated mountains with current
atmospheric models at high horizontal resolution.
Regarding the simulation of 20 Feb. 2010, the
simulated values of accumulated daily
precipitation (Fig 2a), with a maximum of 31 cm,
are similar to the rainfall collected at surface
stations, except in those situated in the southern
slope, near Funchal city, where the model
underestimates the precipitation. However the
model shows a delay of about 2 to 3 hours on the
onset of the precipitation event.

In order to strengthen this conclusion, other
MESO-NH simulations were conducted, with the
same design, for other case studies of heavy
precipitation events occurring in Madeira Island
in the winter of 2009 and 2010. The results in
terms of daily accumulated precipitation on 2 Feb.
2010 are shown in Figure 2b. The model also
reproduces the accumulated precipitation that
occurred in this "case study", on a different
synoptic situation characterized by an east flow.

5. Summary:

Results obtained with ARW and MESO-NH
models show that both the models are able to
reproduce the heavy rainfall event formed over
Madeira Island, with very high resolution of 1km.
These results show also the model sensitiveness
to different cloud resolving schemes. Experiments
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with ARW model wusing different explicit
moisture schemes show that the Ferrier scheme
produces more rainfall than the other three
schemes, presenting a greater spatial extent as
well. Almost all four experiments produced
maximum heavy rainfall in the same approximate
location. MESO-NH model also reproduced the
heavy rainfall event with a pattern similar to those
obtained in the ARW model experiments.
Another Feb 2010 case study was simulated with
MESO-NH, which confirms the possibility of
obtaining good precipitation predictions in
isolated mountains with high resolution models (~
1 km).
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