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Abstract

Through the years, the advances in satellite technology made feasible the acquisition
of information about the Earth surface, such as elevation and land use with great detail
and resolution. This information can be included in numerical atmospheric models,
updating them and providing a more detailed lower boundary, which in turn can improve5

the results of events forced by it. Given this, this work aims to study the sensitivity of
the Weather Research and Forecast model to three different topography datasets as
well as two different land use datasets in an extreme precipitation event. A test case
study in which topography driven precipitation was dominant over Madeira Island was
considered which triggered several flash floods and mudslides in the southern parts of10

the island. Model results show higher model skill in precipitation over Madeira leeward
and in the windward wind flow, in spite of the non significant enhancement on the
overall results with higher resolution datasets of topography and land use.

1 Introduction

Topography plays an important role in atmospheric dynamics as it can force flow15

dynamics, precipitation patterns and change atmospheric water vapour concentration.
Given this, the influence of topography on water vapour transport and the different
forcing mechanisms, acting on different time and length scales, that can produce
orographic precipitation has been the focus of several studies for the past decades.

Due to the complexity of topographic forced mechanisms, studies concerning20

idealised situation such as the uniformly stratified moist flow over a Gaussian-shaped
circular mountain, have been performed by several authors, namely Jiang (2003); Colle
(2004); Kunz and Kottmeier (2006a). These works perform sensitivity studies in order
to determine the relationship between the mountain’s dimension and the precipitation
intensity and distribution.25

5604

http://www.nat-hazards-earth-syst-sci-discuss.net
http://www.nat-hazards-earth-syst-sci-discuss.net/1/5603/2013/nhessd-1-5603-2013-print.pdf
http://www.nat-hazards-earth-syst-sci-discuss.net/1/5603/2013/nhessd-1-5603-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


NHESSD
1, 5603–5641, 2013

WRF sensitivity to
lower boundary –

extreme precipitation

J. C. Teixeira 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
|

Under these assumptions and using a mesoscale model, Jiang (2003) and Colle
(2004) studied the interaction between flow stagnation and orographic precipitation.
In their work the authors showed that there is a significant relationship between the
flow blocking and splitting effect and precipitation distribution and intensity. For low
mountains the upslope ascent is dominant and the precipitation intensity is proportional5

to the mountain height and wind speed. On the other hand, for high mountains the
flow tends to pass around the barrier, reducing the lift effect. With regard to model
parameters, Kunz and Kottmeier (2006a) showed that the results are less sensitive to
model parameterizations than to ambient conditions.

In addition to idealised studies, abundant real case studies have been performed10

concerning the effect of mountain barriers in climate, interaction with synoptic scale
processes or even studies of single cases of extreme orographic precipitation (Kunz
and Kottmeier, 2006b; Maussion et al., 2011). Furthermore, atmospheric numerical
models have been found to be useful in order to assess precipitation in areas
where observations are scarce and estimates are difficult (Maussion et al., 2011).15

As Vrochidou and Tsanis (2012) showed in a multi-year study, the precipitation
patterns found in the Crete Island (Greece) have a strong correlation with the
island topography. This connection was found to be an important clue for spatial
drought patterns. Concerning the synoptic scale interaction, Ghafarian et al. (2012)
studied the effects of the Anatolian and Caucasus mountains on the precipitation20

distribution over the Black Sea. For their research the authors performed the numerical
simulation of a precipitating synoptic system passing through the study area. Using
two different configurations, one with all the topographic features and the other in
which the mountains were removed. These authors concluded that although there was
a significant change in the fields of vertical motion, relative vorticity, humidity, low level25

geopotential height, cloud water content and precipitation distribution, the mountains
were not responsible for the cyclogenesis.

Considering that topography plays an important role in flow and precipitation
patterns, Shi et al. (2008) conducted a topography sensitivity study, for the Tibetan
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Plateau. In one simulation the authors used a topography resolution consistent with
the numerical model spatial resolution 30 km and in the other, a 120 km resolution
topography that was then interpolated in order to be consistent with the model grid.
Model results showed that the simulation with higher resolution topography agreed
with the observed precipitation. On the other hand, the simulation that used the coarser5

resolution, considerably underestimates the observed precipitation. Besides the effects
of topography changes in flow and precipitation patterns Chen et al. (2001) showed
how lower boundary conditions, for example soil moisture and land use, may affect
precipitation and convection in a flash flood case study. Couto et al. (2012) identified
and studied four cases of intense precipitation over Madeira Island during the winter10

of 2009/2010 using both observed and simulated data. In their work the authors
concluded that Madeira’s orography is the dominant factor both in the formation and
intensification of precipitation, being the altitude the main factor contributing to the
precipitation distribution.

Even though the numerous works concerning topographic forcing in precipitation,15

little it is known about the influence of different high resolution lower boundary datasets
in modelled results. Also, using observed data Fragoso et al. (2012) has characterised
the rainfall and the synoptic setting of the 20 February 2010 flash-floods in Madeira
focusing on the dynamical conditions that promoted the extreme precipitation event.

In the study presented here, a mesoscale numerical weather prediction model was20

used to assess the sensitivity of the model’s lower boundary conditions to an extreme
precipitation event. The chosen event occurred on the morning of the 20 February 2010
over the Madeira Island. This event was associated to a frontal system, embedded
in a depression centred over the Azores archipelago, and moving to the northeast.
The occurred precipitation intensity triggered flash floods and mudslides, which had25

important social and economic consequences. Over 40 people died in the event and
several houses and structures were damaged or destroyed.

Previous work had already studied the ability of numerical models to forecast this
extreme precipitation event (Grumm, 2010; Luna et al., 2011), namely Grumm (2010)
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who analysed the ability of the National Center for Environmental Prediction of the
United States of America ensemble Global Forecasting System (GFS) to forecast this
event and concluded that the pattern associated to the heavy precipitation event over
Madeira was well predicted. Also Luna et al. (2011) found that orography was the
main factor explaining the precipitation event’s amplitude and phase over the island.5

Furthermore, it was shown in this work that horizontal resolution is an important factor
when simulating local precipitation.

2 Methods and data

The numerical model used in this work is the Weather Research and Forecasting –
Advance Research model (WRF-ARW) version 3.3 (Skamarock et al., 2008). Initial10

and lateral boundary conditions from GFS analyses (NCEP, 2003) were provided to the
model at a six hour interval. The GFS model has an approximated horizontal resolution
of 0.5◦ ×0.5◦ that extends vertically from the 1000 to 0.27 hPa in 64 unequally spaced
model levels.

The Madeira Island is located in the Atlantic Ocean South-west of mainland Portugal15

– Fig. 1. It has a mountain ridge extending along the central part of the island reaching
a maximum altitude of 1862 m – Pico Ruivo.

Three two-way nested domains were applied to the study area – Fig. 2. The parent
domain (d01) with horizontal resolution of 25 km, and two nested domains (d02 and
d03) with an horizontal resolution of 5 and 1 km, respectively. The simulated period20

was 24 h, starting on 20 February 2010.
The set of parameterizations which were used in the present study was the same

that Luna et al. (2011) used for the same event. Therefore, the following schemes
were used: WRF Single-Moment 6-class scheme microphysics (Hong and Lim, 2006),
Goddard shortwave radiation (Chou and Suarez, 2001), Rapid Radiative Transfer25

Model (RRTM) longwave radiation model (Mlawer et al., 1997), the Eta similarity
surface layer scheme (Janjić, 2002), Mellor–Yamada–Janjic planetary boundary layer
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scheme (Janjić, 1990) and the Noah Land Surface Model (Chen and Dudhia, 2001).
Cumulus have been resolved explicitly as by Luna et al. (2011) who showed that
cumulus parameterization is not relevant to simulated precipitation in this particular
event.

In order to conduct sensitivity tests to the topography and land use, several5

experiments were performed. In these experiments two topography datasets – The
The Shuttle Radar and Topography Mission (SRTM) (Farr et al., 2007) and the ASTER
Global Digital Elevation Model (ASTER) (Abrams et al., 2002) – and a land use dataset
– the Coordination of Information on the Environment Land Cover (CORINE) (Bossard
et al., 2000) – were used. A control experiment (CTL) was conducted with the WRF10

default topography data set – GTOPO30 – and the default land use data set – USGS
global 30′′ vegetation data (USGS30). Some of the more relevant data set attributes
are described in Table 1.

Due to the different classification methods used in the CORINE and the USGS
global vegetation data, a recategorization was performed to the CORINE data set to15

be recognisable by the WRF model. The recategorisation process used to convert
CORINE into USGS categories is described in Pineda et al. (2004) work.

The performed simulations were grouped into two sets – Control and Lower
Boundary Sensitivity tests (LBS) – as can be seen in Table 2.

In order to analyse model results, focusing on the evaluation of the WRF model20

sensitivity to topography, the difference fields related to precipitation and wind were
computed between the experiments and the control simulation. Furthermore, the study
domain was divided following the mountain ridge of the island, in order to be able
to study the effects of the upslope and downslope flows. Finally, a more detailed
study of simulated hourly precipitation and wind was done. Comparison with observed25

hourly precipitation and wind data, as well as skill analysis for every experiment
were performed. To evaluate in detail the impact of using of the new lower boundary
conditions datasets, Madeira Island was divided in the following regions, each one
including a group of meteorological stations.
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– Mountainous region −→ Height greater than 800 m, covering five stations –
Areeiro, Bica da Cana, Calheta, Encumeada and Parque Ecológico do Funchal,

– shore region −→ Height less than 800 m, with seven stations – Funchal, S. Jorge,
Lugar de Baixo, Ponta do Pargo, S. Martinho Machico and Porto Moniz,

– windward region, nine stations – Funchal, Areeiro, Lugar de Baixo, Bica da Cana,5

Calheta, Encumeada, S. Martinho, Machico and Parque Ecológico do Funchal,

– leeward region, three stations – S. Jorge, Ponta do Pargo and Porto Moniz.

In their study, Luna et al. (2011) have shown that high model resolution enhances the
model skill in this particular event. Therefore the present work will focus in the domain
with higher resolution – d03.10

Even though performance analyses and validation is usually done using state
variables such as temperature and pressure, this study is focused on the Madeira
extreme precipitation event and, therefore, only this variable together with wind will
be analysed.

A total of 12 weather stations were considered, five of which are owned and15

operated by the Portuguese Meteorological Institute and present only precipitation data
– Areeiro, Funchal, Lugar de Baixo, Ponta do Pargo and S. Jorge. The other seven
stations are owned and operated by the Madeira Regional Civil Engineer Laboratory
and present precipitation and two meter wind speed and direction data – Bica da
Cana, Calheta, Encumeada, S. Martinho, Machico, Parque Ecológico do Funchal,20

Porto Moniz. For both sets of weather stations, data are available on hourly bases, for
a period from 20 February 2010, 00:00:00 UTC to 21 February 2010, 00:00:00 UTC.
Location and altitude information about these stations are shown in Table 3 and
Fig. 3. Furthermore, in order to produce vertical profiles of the atmospheric properties,
a meridional cross section was considered at a longitude of 16.93◦ W, considering all25

latitudes within the higher resolution domain – d03 – as can be seen in Fig. 3.
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In order to analyse the model performance for all simulations and compare them,
the following statistical and error measures, relative to observations were calculated
(Keyser and Anthes, 1977; Pielke, 2002):

– Deviation of the modelled data in relation to observed values:

φ′
i =φi −φi ,obs (1)5

– Bias, which represents the mean deviation of the modelled data in relation to the
observed values:

Bias =
1
N

N∑
i=1

φ′
i (2)

– The Root Mean Square Error:

E =

√√√√√ N∑
i=1

(
φi −φi ,obs

)2

N
(3)10

– The Root Mean Square Error after the removal of a constant bias:

EUB =

√√√√√ n∑
i=1

[(
φi −φ

)
−
(
φi ,obs −φobs

)]2

N
(4)
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– Standard deviation for the modelled – Eq. (5) – and observed – Eq. (6) – data:

S =

√√√√√ n∑
i=1

(
φi −φ

)2

N
(5)

Sobs =

√√√√√ n∑
i=1

(
φi ,obs −φobs

)2

N
(6)

were i is the temporal index and N is the number of elements of φ considered.5

The model skill is high when the following criteria are verified:

– S ≈ Sobs

– E < Sobs

– EUB < Sobs

– Bias2 � E2
10

3 Results and discussion

3.1 Synoptic pattern evolution

Throughout the period under analysis, the synoptic pattern evolution over Madeira
Island shows a rapid transition from high to low pressure systems. Between 19 and
20 February 2010, the surface horizontal pressure gradient was weak and, at the15

500 hPa level the island was flanked by a trough on the right and a ridge on its left side
and there were two depressions located near the Labrador Sea. By 20 February 2010,
these two depressions had deepened and were moving westwards, forming a trough
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at mean sea level with a high on its right side. On 21 February 2010, western flux was
imposed by the advection of these low pressure systems to west. Keeping in mind that
precipitation analysis is dependent on horizontal model resolution, this discussion is
focused only on the third nested domain.

When comparing the synoptic setting of this study with others that evaluate the5

orographic influence on precipitation (idealized studies by Colle, 2004 and Kunz
and Kottmeier, 2006a – and real data study by Kunz and Kottmeier, 2006b), some
similarities arise. Madeira Island might be regarded as a singular barrier disturbing the
synoptic flow, just as in most idealised experiments. Also, during the simulated period
the atmosphere is stable stratified – not shown. Therefore, an enhancement of local10

precipitation over the windward side of the barrier and less precipitation on their lee
side due to the subsidence associated to the gravity waves is expected, as shown
by Colle (2004) and Kunz and Kottmeier (2006a). In addition, the mountain crests of
Madeira Island located perpendicularly to the main flow forces the air mass to rise as
it climbs the windward slope on the southern side of the island, capturing moisture on15

the orographic induced gravity waves on the northern side. This flow dynamics and its
precipitation distribution pattern was also verified and studied by Luna et al. (2011) and
Couto et al. (2012).

3.2 Sensitivity to topography

All simulations have the same grid resolution. However, due to the different topography20

and land use datasets interpolation was performed in order to have consistency with
the CTL simulation, thus permitting a direct comparison between simulations.

Figure 4 shows the Madeira Island topography as was used for the CTL simulation
(Fig. 4a). Figure 4c and d show the difference between CTL and SRTM (SRTM–
CTL) and ASTER (ASTER–CTL), respectively. In addition, the topography of the cross25

section used in this work for CTL, SRTM and ASTER is shown on the upper right-hand
side (Fig. 4b).
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As can be seen, the default topography tends to represent smoother topographic
features. On the other hand the high resolution datasets present a better representation
of those features with higher peaks and deeper valleys as well as steeper terrain
slopes. These characteristics make it a better representation of Madeira Island
topography.5

With regard to the SRTM and ASTER datasets, both show a similar representation
of the island topography, with only slight differences between them at the top of the
island and in the mid northern slope.

3.2.1 Wind modelled data

As seen before, topography driven precipitation its highly dependent on flow intensity10

and direction (Jiang, 2003; Colle, 2004; Kunz and Kottmeier, 2006a). Furthermore, it is
known that a change in topography may lead to a change in flow characteristics.

In the beginning of 20 February 2010, the simulated wind flow is perpendicular
to Madeira’s mountainous ridge – from South – thus originating a deceleration zone
upstream Madeira Island, causing flow stagnation near the shore – not shown. Its15

weak intensity (∼10 ms−1) induces weak wind flow splitting and therefore ascent flow
is dominant. The strongest winds are reproduced by this model simulation right after
the mountainous region – down slope – with an approximate intensity of 20 ms−1.
Nonetheless, in the central Northern leeward side of the island there is a weak flow
zone from variable directions (<5 ms−1), created by the presence of the mountain20

ridge – orographic shadow zone. This area suggests the presence of mountain wakes
downwind of the higher peaks of the Madeira Island.

Later, at 12:00:00 UTC – not shown – the wind flow becomes more intense
(∼20 ms−1). This flow intensification enhances the flow splitting, making flow intensity
stronger near the Eastern and Western ends of Madeira Island. A proportional25

intensification of wind intensity after the mountainous region is also noticeable.
However, it can be seen that the upwind stagnation zone deepens into the island,
becoming closer the island peaks. In addition, on the central Northern leeward side
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of the island the weak flow zone becomes narrowest due to the flow intensification at
the western and eastern island boarders. After 18:00:00 UTC the wind flow weakens
and changes direction to West, becoming parallel to the Madeira Island mountainous
ridge. At this time flow splitting becomes dominant due to the orientation of the wind
in relation to the barrier. Therefore, despite not being shown here, a strong wind flow5

arise in the Southern and Northern Madeira’s shore.
Throughout the day, the difference field for wind direction and intensity maintains its

characteristics, with most of them located over Madeira Island and on its leeward side.
The difference field between SRTM and ASTER with CTL are very similar, thus only
SRTM will be presented.10

The difference field for intensity at a ten meter height (shaded) between SRTM and
CTL simulations (SRTM–CTL) and direction (SRTM in red arrows and CTL in black
arrows) for 20 February 2010 at 12:00:00 UTC are shown in Fig. 5. Here It is possible
to see that greater changes are located leeward, after the wind flow passes through the
Madeira mountainous crests in an area where, for CTL simulation, the wind intensity15

was weak, with a negative difference at the left side and a positive difference in the right
side. The location of these differences may suggest that there is a displacement of the
orographic shadow zone between both SRTM and ASTER simulations when compared
to the CTL dataset. There is also an intensification zone – positive difference – for the
high resolution topography simulations near Ponta do Pargo. This area is located in the20

Western end of the Island where the slope is steepest, hence, the use of the higher
resolution data changes the model topography over this region of the simulated domain
significantly, as can be seen in Fig. 4. This fact may affect the flow splitting causing
acceleration in this zone.

Over land it is possible to identify a number of positive and negative differences that25

remain stationary, thus suggesting a strong relationship to the topographic differences
that may change the wind flow path. In fact, and as shown in Fig. 6 where the difference
field for mean wind intensity at a ten meter height between SRTM and CTL simulations
for 20 February 2010 is shown. In fact, these differences present a strong correlation
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coefficient when compared to their topography difference – 0.606 for SRTM simulation
and 0.603 for ASTER.

3.2.2 Precipitation modelled results

As Luna et al. (2011) and Couto et al. (2012) have shown, this particular precipitation
event was forced by topography flow lifting – orographic precipitation. Given the5

effect that a different topography dataset in flow properties, as seen in the previous
subsection, differences in precipitation distribution and intensity are also expected.

Figure 7 represents the accumulated precipitation for 20 February 2010 CTL
simulation. High amounts of precipitation occur in the centre of Madeira Island near
the highest peaks. It is also evident that in the southern part of the island – upstream10

the main flow – there is a large amount of simulated accumulated precipitation as would
be expected. As it encounters the barrier – Madeira Island – the air is forced to rise. The
raising moist air cools and creates favourable conditions for precipitation to occur. On
the other side of the island – the Northern part – there is a decrease in precipitation due
to air subsidence and lower moisture content. Therefore, the simulated accumulated15

precipitation amounts are reduced in this area. This precipitation distribution and
patterns are consistent with those that Luna et al. (2011) and Couto et al. (2012) have
described for this particular extreme precipitation event.

When comparing the results of SRTM and ASTER simulations with the CTL it
is evident that differences occur over the island. Figure 8 shows the accumulated20

precipitation difference fields between SRTM and CTL (SRTM–CTL) simulation for
20 February 2010. The pattern of the difference field is similar for both simulations
in amplitude and in distribution. Furthermore, it is evident that in the Western part
of Madeira Island most of the differences are positive, which shows that there is an
increase in simulated precipitation for these simulations. This region of the island is25

characterised by a a steep slope followed by a plateau with an height of 1400 m that is
oriented perpendicular to the main flow. As seen before, SRTM and ASTER simulation
have a more detailed topography and, therefore, there is an increase of the terrain slope
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adjacent to the plateau. Consequently it is plausible that steeper slopes enhances the
terrain forcing leading to a stronger air rise that may then lead to an enhancement of
topographic driven precipitation.

Centred in Madeira Island, it is possible to observe a negative value of accumulated
precipitation difference. This negative isolated difference is associated to a deep valley5

– Ribeira Brava – located near Lugar de Baixo weather station that extends to the top
of Madeira Island. The obtained result in this area is consistent with the expected one.
As the new high resolution topography data sets tend to deepen the valleys, the area of
terrain forcing the air to rise is reduced which may result in a decrease in precipitation.

The highest peaks of Madeira Island are located in its Eastern region. However, near10

the eastern shore the slopes are not as steep as in the Western region of the island.
When applying the high resolution topography it results in a decrease in precipitation
near Madeira shore – negative values of accumulated precipitation difference – and an
enhancement of precipitation in the Eastern mountainous regions – positive values of
accumulated precipitation difference.15

In addition, the correlation between the accumulated precipitation difference and
the topography difference for both SRTM and ASTER was determined with values
of 0.36 and 0.46, respectively, with a confidence level of 95 %. These values, albeit
small (<0.5), show a relation between the change in topography and the precipitation
difference distribution.20

3.3 Sensitivity to land use

As mentioned before, despite all simulations having the same resolution, the use
of different datasets introduces differences in the modelled results. Contrary to
topography, land use changes over time scale typical of human activity and, therefore,
land use datasets may change significantly every time they are updated. In addition, it25

must be kept in mind that there is a 13 yr time gap between the USGS and CORINE
land use used in this work.
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Figure 9 shows the USGS land use categories field for CTL and CORINE
simulations. It is possible to observe that there are differences in Madeira’s coastline
representation between CTL and CORINE simulations. In fact, CORINE dataset
gives a more approximated coastline representation of the Madeira Island geographic
features to the numerical model. Furthermore, significant differences in land use5

categories can be distinguished. For example, contrary to CTL simulation, urban
and build-up land category is recognised by the model when CORINE dataset is
used. Nonetheless, the area occupied by evergreen broadleaf and dryland cropland
is reduced when the CORINE dataset is used. Also, an increase of the area occupied
by mixed forest and grassland can be observed. These changes between CTL and10

CORINE simulation may lead to changes in wind flow proprieties, due to changes in
soil roughness length and in precipitation patterns (Chen et al., 2001).

Figure 10 shows the difference field between CORINE and CTL simulations for 10 m
wind mean intensity for 20 February 2010. As can be seen, the differences produced
by the use of the CORINE land use dataset for this particular precipitation event are15

small when compared to those produced by the use of a high resolution topography
dataset. For mean horizontal wind component intensity, it is possible to observe that
in CORINE simulation there is a decrease of wind speed (∼2 ms−1) around Madeira
Island shore, especially in the Eastern end of the island, where a significant change
from shrubland and cropland to urban and mixed forest occurs. On the other hand,20

an increase of mean wind intensity in the mountainous region of the island can be
observed (∼2 ms−1). When analysing the area where this wind intensification occurs –
Fig. 9 – it is possible to see that a change from an area characterised by the existence
of deciduous broadleaf forest in CTL simulation is mostly changed to shrubland and
grassland which has a lower roughness length in CORINE, thus reducing surface wind25

drag over this area (Chen and Dudhia, 2001).
For accumulated precipitation – not shown – the difference values are smaller

(<20 mmm−2 day−1) than those previously seen for simulations in which topography
was changed. Most differences are located upwind Madeira Island with positive
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differences values near Madeira’s shore in an area of high density of urban and build-up
land in CORINE simulation, and negative differences in the mountainous region.

3.4 Modelled results vs. observed data

The previous analysis of the model results showed that, in this case study, the change
to a high resolution lower boundary condition dataset leads to a change in model5

results for precipitation, wind direction and intensity. However, in order to know which
one best represents the atmospheric conditions that were present throughout this
event – 20 February 2010 –, the comparison of modelled data with observed data its
crucial. Therefore, the analyses of Taylor diagrams and skill charts between the model
simulations and observed data was performed.10

Figure 11 shows the Taylor diagram for v wind component. This diagram show S,
the standard deviation of E (STDE) and R between the modelled simulations results
and the observed data of all available stations where wind data were available. It is
possible to see that for the v wind component, there is an increase of the correlation
for SRTM and ASTER simulations when compared to the CTL simulation – from 0.5515

to 0.64 and there is also a lower STDE deviation for these simulations. On the other
hand, for the u wind component – not shown – the differences between the simulations
are smaller. For this wind component, the use of high resolution topography dataset
slightly increases the correlation and standard deviation when comparing to the CTL
simulation. However, STDE deviation present little change. For CORINE simulation20

changes in the statistical properties for both horizontal wind components are negligible,
not presenting a significant change when compared to CTL simulation.

In Fig. 12 the Taylor diagram for precipitation is shown. Although the large STDE
deviation the model has skill in reproducing the observed precipitation, with most of
the skill criteria being met for all the performed simulations – not shown. Furthermore,25

in the Taylor diagram it is possible to observe that differences between simulations
correspond to a small change in standard deviation, with CTL and CORINE simulations
having the closest values to the observed standard deviation and SRTM and ASTER
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simulations showing worse results. Nonetheless, it is possible to observe that SRTM
and ASTER simulations present slightly higher STDE deviation. However, there is
little change in correlation between the simulations and the observed data when
comparing these simulation with the CTL and CORINE. As for wind data the use of
an higher resolution and up to date land use information – CORINE simulation – little5

enhancement of model skill is detected when comparing to the CTL simulation.
A better evaluation of the changes in modelled data caused by the change of the

lower boundary can be depicted by analysing the skill charts for the four Madeira sub-
regions.

For Mountainous and Shore regions all the simulations present similar skill results.10

There is poor model skill in reproducing the observed wind variability, specially for
the u wind component in all simulations (S/Sobs ∼ 3 for u and S/Sobs ∼ 1.5 for v ).
Moreover, a better representation of the wind intensity was obtained for u wind
component for SRTM and ASTER simulations (lower E/Sobs than for the control
simulation). However, these simulations present a larger value of E/Sobs for the v15

wind component than the control simulation. On the other hand, for the Shore region
in, the use of the high resolution topography and land use datasets enhances mode
skill for v variability and intensity. Contrarily, there are no major differences in skill
measures between simulations for the u component. For precipitation there is high
skill simulating precipitation in the Shore region – every skill criteria is verified –20

although skill measures for different simulations are identical having only negligible
variations. For the Mountainous region there is skill simulating precipitation even though
the simulated precipitation variability is larger than the observed one (S/Sobs ∼ 1.5).
Furthermore, SRTM and ASTER present the worst skill for this variable in this region.

When separating the domain into windward and leeward regions larger differences25

between simulations arise. At windward region, there is poor skill in simulating both
wind components. As seen for the Mountainous and Shore regions, here the u
wind component also presents larger variability than the observations (S/Sobs ∼ 1.8.
Nevertheless, SRTM simulation presents a significant enhancement of skill when
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compared with the other simulations, namely there is a decrease of 0.4 S/Sobs,
E/Sobs and EUB/Sobs. However there is greater lag between this simulation and
the control (larger value for BIAS2/E2). For v wind component there are only
small differences between simulations. At leeward region CTL, CORINE and ASTER
simulation present a very poor skill simulating both horizontal wind components –5

S/Sobs > 4.5, E/Sobs > 7, R < 0. With the use of the SRTM topography dataset there
is a significant improvement of model skill with values for S/Sobs ∼ 2, E/Sobs ∼ 2,
R > 0.3.

Figure 13 shows the skill chart for precipitation in both windward and leeward
regions. In this figure, one can see that for the windward region there is skill in10

simulating the occurred precipitation despite the slight higher modelled variability
when compared to the observed one. Likewise for wind data, only SRTM simulation
presents major changes when compared to the control simulation with a significant
enhancement of model skill. On the other and, for leeward region the is also skill
simulating this atmospheric property despite the lower variability when compared to the15

observed (S/Sobs < 1). However, in this region the use of SRTM topography results in
poor model skill.

Still, it should be taken into consideration that differences found for skill in these
regions are not only caused by the use of a different topography dataset. When
applying the criteria for these two regions – windward and leeward – stations located20

along Madeira ridge are considered to be in the different regions for SRTM, ASTER
and CTL. This change may occur due to differences in the location of Madeira’s ridge
in the SRTM when compared to all other datasets.

4 Concluding remarks

The WRF atmospheric model was used to assess the numerical model sensitivity to25

the lower boundary conditions in an extreme precipitation event. The event chosen was
triggered by the orography and occurred in Madeira Island – Portugal – in 20 February
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2010. The occurred precipitation intensity produced flash floods and mudslides, which
had important social and economic consequences.

Three different state of the art high resolution lower boundary condition datasets
were use to simulate this event, thereby allowing the evaluation of the sensitivity
to lower boundary conditions. The datasets used were the SRTM and ASTER for5

topography and CORINE for land use. The simulations started at 20 February 2010
and were extended for the following 24 h, thus simulating all the event duration.

Considering the default topography data used by WRF model – GTOPO30 – and
the two other new topography datasets introduced in this work – SRTM and ASTER
– changes can be observed in topography, albeit all simulations having the same grid10

resolution. With the use of the high resolution topography datasets there is a deepening
of the valleys and higher peaks – changes that can be greater than 100 m – therefore,
it may better represent the topographic features of Madeira Island.

Given these differences, a comparison between the performed simulations – CTL,
SRTM and ASTER – was made. There, it was possible to see that the use of any of15

the high resolution topography datasets may lead to changes in wind flow, specially
over Madeira Island and in the leeward region. Nonetheless, it was possible to see that
these changes are correlated with the differences between the topography datasets.
Additionally, changes in precipitation pattern and distribution between CTL, SRTM and
ASTER simulations over Madeira Island could also be observed. These changes are20

related to topographic features, as the change in terrain slope changes terrain forcing,
resulting in an intensification of up lifting which may result in an increase of precipitation
and vice versa. Thereupon, an increase of precipitation over the Mountainous ridges
and a decrease of precipitation accumulated amounts over the valley, are consistent
with changes associated with the topographic forcing.25

Comparing the simulated wind and precipitation results against observations it
was possible to see that there is low model skill for u and v wind components
over Madeira Island for all the performed simulations. Furthermore, when using high
resolution topography datasets a slight enhancement of model skill can be observed.
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However, this enhancement is small. Considering the precipitation data, it could be
seen that there is a high model skill. However, the observed variability for precipitation
is overestimated by the model for all simulations. For this variable, SRTM and
ASTER simulations presented a decrease in model skill when compared to the control
simulation. However this decrease is small.5

To evaluate these changes with more detail a study considering four distinct Madeira
Island regions was performed, namely Mountainous, Shore, windward and leeward
regions. These results show that, concerning the simulation of wind flow, the model
performs best for altitudes higher than 800 m for all the simulations. It could also be
seen that, a small enhancement of model skill can be achieved for the leeward region10

when using the SRTM topography dataset. For precipitation data the opposite result
can be observed and there is high model skill to simulate precipitation for altitudes
lower than 800 m for all performed simulations. Furthermore, a significant improvement
of model skill on the leeward region was achieved using the SRTM topography
dataset. On the other side, for windward region, albeit the small differences between15

simulations, SRTM present a lower model skill. Nonetheless, one should take into
consideration that the differences found for skill in these regions – specially windward
and leeward – are not only caused by the use of a different topography dataset, but also
due to the fact that stations located along Madeira ridge are considered to be in the
different regions for SRTM, ASTER and CTL as result of the differences in the location20

of Madeira’s ridge in the SRTM when compared to all other datasets.
Sensitivity tests were also performed with a high resolution land use dataset –

CORINE. However, this dataset gives little changes to model results when compared
to the control simulation.

Given this, one may conclude that the use of an high resolution dataset within25

WRF model leads to changes to model results for this particular orographic extreme
precipitation event. Furthermore, when comparing to observed data it can be
concluded that, overall, there is little gain of model skill when using any of the
high resolution lower boundary conditions datasets. However, when analysing specific
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regions of Madeira Island, one can see that SRTM and ASTER gives an improvement
of model skill on the windward region for precipitation and on leeward region for
wind. On the other hand, decrease of model skill simulating precipitation can be
observed. Therefore the used of high resolution datasets in numerical weather model
may improve model skill in simulating topography force processes.5
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Table 1. Topography (bold) and land use data set attributes.

Resolution Year Soil Categories

GTOPO30 30′′ 1996 NA
SRTM 3′′ 2005 NA
ASTER 1′′ 2009 NA

USGS30 30′′ 1993 25
CORINE 100 m 2006 44

5626

http://www.nat-hazards-earth-syst-sci-discuss.net
http://www.nat-hazards-earth-syst-sci-discuss.net/1/5603/2013/nhessd-1-5603-2013-print.pdf
http://www.nat-hazards-earth-syst-sci-discuss.net/1/5603/2013/nhessd-1-5603-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


NHESSD
1, 5603–5641, 2013

WRF sensitivity to
lower boundary –

extreme precipitation

J. C. Teixeira 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
|

Table 2. Lower boundary conditions and microphysics schemes used on WRF simulation.

Simulation Set Run Lower Boundary Condition
Control CTL GTOPO30+USGS30

LBS SRTM SRTM+USGS30
ASTER ASTER+USGS30
CORINE GTOPO30+CORINE
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Table 3. Weather Station information used to evaluate model skill – Operated by the Regional
Civil Engineer Laboratory (bold) and Portuguese Meteorological Institute.

Location Latitude (◦) Longitude (◦) Altitude (m)

Lugar de Baixo 32.67 −17.08 15
Funchal 32.64 −16.89 58
Machico 32.73 −16.78 170
S. Jorge 32.83 −17.90 185
S. Martinho 32.65 −16.94 250
Ponta do Pargo 32.81 −17.26 312
Porto Muniz 32.84 −17.19 675
Encumeada 32.75 −17.02 1017
Calheta 32.77 −17.18 1020
P.E. Funchal 32.70 −16.90 1300
Bica da Cana 32.76 −17.06 1600
Areeiro 32.71 −16.91 1610
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2 J. C. Teixeira et. al.: WRF sensitivity to Lower Boundary - Extreme Precipitation

Fig. 1: Study area map showing the Madeira archipelago location in the Atlantic Ocean, Maps from googlemaps.com.

effects of the Anatolian and Caucasus mountains on the pre-
cipitation distribution over the Black Sea. For their research
the authors performed the numerical simulation of a precip-65

itating synoptic system passing through the study area. Us-
ing two different configurations, one with all the topographic
features and the other in which the mountains were removed.
These authors concluded that although there was a signifi-
cant change in the fields of vertical motion, relative vortic-70

ity, humidity, low level geopotential height, cloud water con-
tent and precipitation distribution, the mountains were not
responsible for the cyclogenesis.

Considering that topography plays an important role in
flow and precipitation patterns, Shi et al. (2008) conducted a75

topography sensitivity study, for the Tibetan Plateau. In one
simulation the authors used a topography resolution consis-
tent with the numerical model spatial resolution 30 km and
in the other, a 120 km resolution topography that was then
interpolated in order to be consistent with the model grid.80

Model results showed that the simulation with higher res-
olution topography agreed with the observed precipitation.
On the other hand, the simulation that used the coarser res-
olution, considerably underestimates the observed precipita-
tion. Besides the effects of topography changes in flow and85

precipitation patterns Chen et al. (2001) showed how lower
boundary conditions, for example soil moisture and land use,
may affect precipitation and convection in a flash flood case
study. Couto et al. (2012) identified and studied four cases
of intense precipitation over Madeira Island during the win-90

ter of 2009/2010 using both observed and simulated data. In
their work the authors concluded that Madeira’s orography is
the dominant factor both in the formation and intensification
of precipitation, being the altitude the main factor contribut-
ing to the precipitation distribution.95

Even though the numerous works concerning topographic
forcing in precipitation, little it is known about the influence
of different high resolution lower boundary datasets in mod-
elled results. Also, using observed data Fragoso et al. (2012)
has characterised the rainfall and the synoptic setting of the100

20 February 2010 flash-floods in Madeira focusing on the
dynamical conditions that promoted the extreme precipita-
tion event.

In the study presented here, a mesoscale numerical
weather prediction model was used to assess the sensitivity105

of the model’s lower boundary conditions to an extreme pre-
cipitation event. The chosen event occurred on the morning
of the 20 February 2010 over the Madeira Island. This event
was associated to a frontal system, embedded in a depres-
sion centred over the Azores archipelago, and moving to the110

northeast. The occurred precipitation intensity triggered flash
floods and mudslides, which had important social and eco-
nomic consequences. Over 40 people died in the event and
several houses and structures were damaged or destroyed.

Previous work had already studied the ability of numerical115

models to forecast this extreme precipitation event (Grumm,
2010; Luna et al., 2011), namely Grumm (2010) who anal-
ysed the ability of the National Center for Environmental
Prediction of the United States of America ensemble Global
Forecasting System (GFS) to forecast this event and con-120

cluded that the pattern associated to the heavy precipitation
event over Madeira was well predicted. Also Luna et al.
(2011) found that orography was the main factor explaining
the precipitation event’s amplitude and phase over the island.
Furthermore, it was shown in this work that horizontal reso-125

lution is an important factor when simulating local precipita-
tion.

2 Methods and Data

The numerical model used in this work is the Weather Re-
search and Forecasting – Advance Research model (WRF-130

ARW) version 3.3 (Skamarock et al., 2008). Initial and
lateral boundary conditions from GFS analyses (NCEP,
2003) were provided to the model at a six hour interval.
The GFS model has an approximated horizontal resolution
of 0.5 ◦ × 0.5◦ that extends vertically from the 1000 to135

0.27 hPa in 64 unequally spaced model levels.

Fig. 1. Study area map showing the Madeira archipelago location in the Atlantic Ocean, maps
from googlemaps.com.
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J. C. Teixeira et. al.: WRF sensitivity to Lower Boundary - Extreme Precipitation 3

The Madeira Island is located in the Atlantic Ocean South-
west of mainland Portugal - Fig. 1. It has a mountain ridge
extending along the central part of the island reaching a max-
imum altitude of 1862m - Pico Ruivo.140

Three two-way nested domains were applied to the study
area - Fig. 2. The parent domain (d01) with horizontal resolu-
tion of 25 km, and two nested domains (d02 and d03) with an
horizontal resolution of 5 and 1 km, respectively. The simu-
lated period was 24 hours, starting on 20 February 2010.145

The set of parameterizations which were used in the
present study was the same that Luna et al. (2011) used
for the same event. Therefore, the following schemes were
used: WRF Single-Moment 6-class scheme microphysics
(Hong and Lim, 2006), Goddard shortwave radiation (M.D.150

and Suarez, 2001), Rapid Radiative Transfer Model (RRTM)
longwave radiation model (Mlawer et al., 1997), the Eta sim-
ilarity surface layer scheme (Janjić, 2002), Mellor-Yamada-
Janjic planetary boundary layer scheme (Janjić, 1990) and
the Noah Land Surface Model (Chen and Dudhia, 2001). Cu-155

mulus have been resolved explicitly as by Luna et al. (2011)
who showed that cumulus parameterization is not relevant to
simulated precipitation in this particular event.

d01

Fig. 2: Three nested model domains used in WRF.

In order to conduct sensitivity tests to the topography
and land use, several experiments were performed. In these160

experiments two topography datasets - The The Shuttle
Radar and Topography Mission (SRTM) (Farr et al., 2007)
and the ASTER Global Digital Elevation Model (ASTER)
(Tachikawa et al., 2011) - and a land use dataset - the Co-
ordination of Information on the Environment Land Cover165

(CORINE) (Bossard et al., 2000) - were used. A control ex-
periment (CTL) was conducted with the WRF default topog-
raphy data set - GTOPO30 - and the default land use data set
- USGS global 30′′ vegetation data (USGS30). Some of the
more relevant data set attributes are described in Table 1.170

Table 1: Topography and land use data set attributes.

Resolution Year Soil Categories

GTOPO30 30” 1996 NA
SRTM 3” 2005 NA
ASTER 1” 2009 NA
USGS30 30” 1993 25
CORINE 100 m 2006 44

Due to the different classification methods used in the
CORINE and the USGS global vegetation data, a recat-
egorization was performed to the CORINE data set to
be recognisable by the WRF model. The recategorisation
process used to convert CORINE into USGS categories is175

described in Pineda et al. (2004) work.
The performed simulations were grouped into two sets -

Control and Lower Boundary Sensitivity tests (LBS) - as can
be seen in Table 2.

180

Table 2: Lower boundary conditions and microphysics
schemes used on WRF simulations.

Simulation Set Run Lower Boundary Condition

Control CTL GTOPO30 + USGS30

LBS SRTM SRTM + USGS30
ASTER ASTER + USGS30

CORINE GTOPO30 + CORINE

In order to analyse model results, focusing on the evalua-
tion of the WRF model sensitivity to topography, the differ-
ence fields related to precipitation and wind were computed
between the experiments and the control simulation. Further-
more, the study domain was divided following the moun-185

tain ridge of the island, in order to be able to study the ef-
fects of the upslope and downslope flows. Finally, a more
detailed study of simulated hourly precipitation and wind
was done. Comparison with observed hourly precipitation
and wind data, as well as skill analysis for every experiment190

were performed. To evaluate in detail the impact of using of
the new lower boundary conditions datasets, Madeira Island
was divided in the following regions, each one including a
group of meteorological stations.

– Mountainous region −→ Height greater than 800 m,195

covering five stations - Areeiro, Bica da Cana, Calheta,
Encumeada and Parque Ecológico do Funchal

– Shore region −→ Height less than 800 m, with seven
stations - Funchal, S. Jorge, Lugar de Baixo, Ponta do
Pargo, S. Martinho Machico and Porto Moniz200

Fig. 2. Three nested model domains used in WRF.
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4 J. C. Teixeira et. al.: WRF sensitivity to Lower Boundary - Extreme Precipitation

– Windward region, nine stations - Funchal, Areeiro, Lu-
gar de Baixo, Bica da Cana, Calheta, Encumeada, S.
Martinho, Machico and Parque Ecológico do Funchal

– Leeward region, three stations - S. Jorge, Ponta do Pargo
and Porto Moniz)205

In their study, Luna et al. (2011) have shown that high
model resolution enhances the model skill in this particular
event. Therefore the present work will focus in the domain
with higher resolution - d03.

Even though performance analyses and validation is usu-210

ally done using state variables such as temperature and pres-
sure, this study is focused on the Madeira extreme precipi-
tation event and, therefore, only this variable together with
wind will be analysed.

A total of 12 weather stations were considered, five of215

which are owned and operated by the Portuguese Meteoro-
logical Institute and present only precipitation data - Areeiro,
Funchal, Lugar de Baixo, Ponta do Pargo and S. Jorge. The
other seven stations are owned and operated by the Madeira
Regional Civil Engineer Laboratory and present precipita-220

tion and two meter wind speed and direction data - Bica
da Cana, Calheta, Encumeada, S. Martinho, Machico, Par-
que Ecológico do Funchal, Porto Moniz. For both sets of
weather stations, data are available on hourly bases, for a
period from 20 February 2010, 00:00:00 UTC to 21 Febru-225

ary 2010, 00:00:00 UTC. Location and altitude information
about these stations are shown in Table 3 and Fig. 3. Further-
more, in order to produce vertical profiles of the atmospheric
properties, a meridional cross section was considered at a
longitude of 16.93◦ W, considering all latitudes within the230

higher resolution domain - d03 - as can be seen in Fig. 3.

16 km

Fig. 3: Location of the weather stations in Madeira Island
(blue doted - Portuguese Meteorological Institute; White
doted - Madeira Regional Civil Engineer Laboratory) and the
cross section at 16.93 ◦ W used in this work (red line).

In order to analyse the model performance for all simula-
tions and compare them, the following statistical and error

Table 3: Weather Station information used to evaluate model
skill.

Location Latitude (◦) Longitude (◦) Altitude (m)

Lugar de Baixo 32.67 -17.08 15
Funchal 32.64 -16.89 58
Machico 32.73 -16.78 170
S. Jorge 32.83 -17.90 185
S. Martinho 32.65 -16.94 250
Ponta do Pargo 32.81 -17.26 312
Porto Muniz 32.84 -17.19 675
Encumeada 32.75 -17.02 1017
Calheta 32.77 -17.18 1020
P.E. Funchal 32.70 -16.90 1300
Bica da Cana 32.76 -17.06 1600
Areeiro 32.71 -16.91 1610

measures, relative to observations were calculated (Keyser
and Anthes, 1977; Pielke, 2002):235

– Deviation of the modelled data in relation to observed
values:

ϕ′
i = ϕi −ϕi,obs (1)

– Bias, which represents the mean deviation of the mod-
elled data in relation to the observed values:240

Bias=
1

N

N∑
i=1

ϕ′
i (2)

– The Root Mean Square Error:

E =

√√√√√ N∑
i=1

(ϕi −ϕi,obs)
2

N
(3)

– The Root Mean Square Error after the removal of a con-
stant bias:245

EUB =

√√√√ n∑
i=1

[(
ϕi −ϕ

)
−
(
ϕi,obs −ϕobs

)]2
N

(4)

– Standard deviation for the modelled - Eq. (5) - and ob-
served - Eq. (6) - data:

S =

√√√√ n∑
i=1

(
ϕi −ϕ

)2
N

(5)

Sobs =

√√√√ n∑
i=1

(
ϕi,obs −ϕobs

)2
N

(6)250

Fig. 3. Location of the weather stations in Madeira Island (blue doted – Portuguese
Meteorological Institute; White doted – Madeira Regional Civil Engineer Laboratory) and the
cross section at 16.93◦ W used in this work (red line).
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Fig. 4: Topography field for CTL simulation (m) (a) and topography cross section for the three data sets, CTL (red), SRTM
(blue) and ASTER (black) simulations (b), and difference fields (m) between both high resolution topography datasets and the
control topography for domain d03 at a resolution of one kilometre (c) and (d).
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Fig. 5: Difference field for intensity (m · s−1) at a ten me-
ter hight (shaded) between SRTM and CTL simulations and
wind direction for SRTM (red arrows) and CTL simulations
(black arrows) for 20 February 2010, at 12:00:00 UTC.

here, a strong wind flow arise in the Southern and Northern
Madeira’s shore.

Throughout the day, the difference field for wind direction
and intensity maintains its characteristics, with most of them355

located over Madeira Island and on its leeward side. The dif-
ference field between SRTM and ASTER with CTL are very
similar, thus only SRTM will be presented.

The difference field for intensity at a ten meter height
(shaded) between SRTM and CTL simulations (SRTM -360

CTL) and direction (SRTM in red arrows and CTL in black
arrows) for 20 February 2010 at 12:00:00 UTC are shown
in Fig. 5. Here It is possible to see that greater changes
are located leeward, after the wind flow passes through the
Madeira mountainous crests in an area where, for CTL sim-365

ulation, the wind intensity was weak, with a negative differ-
ence at the left side and a positive difference in the right side.
The location of these differences may suggest that there is a
displacement of the orographic shadow zone between both
SRTM and ASTER simulations when compared to the CTL370

dataset. There is also an intensification zone - positive dif-

Fig. 4. Topography field for CTL simulation (m) (a) and topography cross section for the three
data sets, CTL (red), SRTM (blue) and ASTER (black) simulations (b), and difference fields (m)
between both high resolution topography datasets and the control topography for domain d03
at a resolution of one kilometre (c) and (d).
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Fig. 4: Topography field for CTL simulation (m) (a) and topography cross section for the three data sets, CTL (red), SRTM
(blue) and ASTER (black) simulations (b), and difference fields (m) between both high resolution topography datasets and the
control topography for domain d03 at a resolution of one kilometre (c) and (d).
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Fig. 5: Difference field for intensity (m · s−1) at a ten me-
ter hight (shaded) between SRTM and CTL simulations and
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(black arrows) for 20 February 2010, at 12:00:00 UTC.

here, a strong wind flow arise in the Southern and Northern
Madeira’s shore.

Throughout the day, the difference field for wind direction
and intensity maintains its characteristics, with most of them355

located over Madeira Island and on its leeward side. The dif-
ference field between SRTM and ASTER with CTL are very
similar, thus only SRTM will be presented.

The difference field for intensity at a ten meter height
(shaded) between SRTM and CTL simulations (SRTM -360

CTL) and direction (SRTM in red arrows and CTL in black
arrows) for 20 February 2010 at 12:00:00 UTC are shown
in Fig. 5. Here It is possible to see that greater changes
are located leeward, after the wind flow passes through the
Madeira mountainous crests in an area where, for CTL sim-365

ulation, the wind intensity was weak, with a negative differ-
ence at the left side and a positive difference in the right side.
The location of these differences may suggest that there is a
displacement of the orographic shadow zone between both
SRTM and ASTER simulations when compared to the CTL370

dataset. There is also an intensification zone - positive dif-

Fig. 5. Difference field for intensity (ms−1) at a ten meter hight (shaded) between SRTM and
CTL simulations and wind direction for SRTM (red arrows) and CTL simulations (black arrows)
for 20 February 2010, at 12:00:00 UTC.
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ference - for the high resolution topography simulations near
Ponta do Pargo. This area is located in the Western end of
the Island where the slope is steepest, hence, the use of the
higher resolution data changes the model topography over375

this region of the simulated domain significantly, as can be
seen in Fig. 4. This fact may affect the flow splitting causing
acceleration in this zone.
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Fig. 6: Difference field for mean wind intensity (m · s−1) at
a ten meter height between SRTM and CTL simulations for
20 February 2010.

Over land it is possible to identify a number of positive and
negative differences that remain stationary, thus suggesting a380

strong relationship to the topographic differences that may
change the wind flow path. In fact, and as shown in Fig. 6
where the difference field for mean wind intensity at a ten
meter height between SRTM and CTL simulations for 20
February 2010 is shown. In fact, these differences present a385

strong correlation coefficient when compared to their topog-
raphy difference - 0.606 for SRTM simulation and 0.603 for
ASTER.

3.2.2 Precipitation modelled results

As Luna et al. (2011) and Couto et al. (2012) have shown,390

this particular precipitation event was forced by topography
flow lifting - orographic precipitation. Given the effect that a
different topography dataset in flow properties, as seen in the
previous subsection, differences in precipitation distribution
and intensity are also expected.395

Figure 7 represents the accumulated precipitation for 20
February 2010 CTL simulation. High amounts of precipita-
tion occur in the centre of Madeira Island near the highest
peaks. It is also evident that in the southern part of the island
- upstream the main flow - there is a large amount of simu-400

lated accumulated precipitation as would be expected. As it
encounters the barrier - Madeira Island - the air is forced to
rise. The raising moist air cools and creates favourable condi-
tions for precipitation to occur. On the other side of the island
- the Northern part - there is a decrease in precipitation due405
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Fig. 7: Accumulated precipitation (mm ·day−1) for 20
February 2010 for control simulation.
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Fig. 8: Difference fields for accumulated precipitation
(mm · day−1) between SRTM and CTL simulation for 20
February 2010.

to air subsidence and lower moisture content. Therefore, the
simulated accumulated precipitation amounts are reduced in
this area. This precipitation distribution and patterns are con-
sistent with those that Luna et al. (2011) and Couto et al.
(2012) have described for this particular extreme precipita-410

tion event.
When comparing the results of SRTM and ASTER simu-

lations with the CTL it is evident that differences occur over
the island. Figure 8 shows the accumulated precipitation dif-
ference fields between SRTM and CTL (SRTM - CTL) sim-415

ulation for 20 February 2010. The pattern of the difference
field is similar for both simulations in amplitude and in dis-
tribution. Furthermore, it is evident that in the Western part
of Madeira Island most of the differences are positive, which
shows that there is an increase in simulated precipitation for420

these simulations. This region of the island is characterised
by a a steep slope followed by a plateau with an height of
1400m that is oriented perpendicular to the main flow. As
seen before, SRTM and ASTER simulation have a more de-

Fig. 6. Difference field for mean wind intensity (ms−1) at a ten meter height between SRTM and
CTL simulations for 20 February 2010.
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ference - for the high resolution topography simulations near
Ponta do Pargo. This area is located in the Western end of
the Island where the slope is steepest, hence, the use of the
higher resolution data changes the model topography over375

this region of the simulated domain significantly, as can be
seen in Fig. 4. This fact may affect the flow splitting causing
acceleration in this zone.
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Fig. 6: Difference field for mean wind intensity (m · s−1) at
a ten meter height between SRTM and CTL simulations for
20 February 2010.

Over land it is possible to identify a number of positive and
negative differences that remain stationary, thus suggesting a380

strong relationship to the topographic differences that may
change the wind flow path. In fact, and as shown in Fig. 6
where the difference field for mean wind intensity at a ten
meter height between SRTM and CTL simulations for 20
February 2010 is shown. In fact, these differences present a385

strong correlation coefficient when compared to their topog-
raphy difference - 0.606 for SRTM simulation and 0.603 for
ASTER.

3.2.2 Precipitation modelled results

As Luna et al. (2011) and Couto et al. (2012) have shown,390

this particular precipitation event was forced by topography
flow lifting - orographic precipitation. Given the effect that a
different topography dataset in flow properties, as seen in the
previous subsection, differences in precipitation distribution
and intensity are also expected.395

Figure 7 represents the accumulated precipitation for 20
February 2010 CTL simulation. High amounts of precipita-
tion occur in the centre of Madeira Island near the highest
peaks. It is also evident that in the southern part of the island
- upstream the main flow - there is a large amount of simu-400

lated accumulated precipitation as would be expected. As it
encounters the barrier - Madeira Island - the air is forced to
rise. The raising moist air cools and creates favourable condi-
tions for precipitation to occur. On the other side of the island
- the Northern part - there is a decrease in precipitation due405
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Fig. 7: Accumulated precipitation (mm ·day−1) for 20
February 2010 for control simulation.

Longitude ( °)

La
tit

ud
e 

(
°)

 

 

−17.5 −17.4 −17.3 −17.2 −17.1

32.3

32.4

32.5

32.6

32.7

32.8

32.9

33.0

−60

−40

−20

0

20

40

Fig. 8: Difference fields for accumulated precipitation
(mm · day−1) between SRTM and CTL simulation for 20
February 2010.

to air subsidence and lower moisture content. Therefore, the
simulated accumulated precipitation amounts are reduced in
this area. This precipitation distribution and patterns are con-
sistent with those that Luna et al. (2011) and Couto et al.
(2012) have described for this particular extreme precipita-410

tion event.
When comparing the results of SRTM and ASTER simu-

lations with the CTL it is evident that differences occur over
the island. Figure 8 shows the accumulated precipitation dif-
ference fields between SRTM and CTL (SRTM - CTL) sim-415

ulation for 20 February 2010. The pattern of the difference
field is similar for both simulations in amplitude and in dis-
tribution. Furthermore, it is evident that in the Western part
of Madeira Island most of the differences are positive, which
shows that there is an increase in simulated precipitation for420

these simulations. This region of the island is characterised
by a a steep slope followed by a plateau with an height of
1400m that is oriented perpendicular to the main flow. As
seen before, SRTM and ASTER simulation have a more de-

Fig. 7. Accumulated precipitation (mmday−1) for 20 February 2010 for control simulation.
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ference - for the high resolution topography simulations near
Ponta do Pargo. This area is located in the Western end of
the Island where the slope is steepest, hence, the use of the
higher resolution data changes the model topography over375

this region of the simulated domain significantly, as can be
seen in Fig. 4. This fact may affect the flow splitting causing
acceleration in this zone.
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Fig. 6: Difference field for mean wind intensity (m · s−1) at
a ten meter height between SRTM and CTL simulations for
20 February 2010.

Over land it is possible to identify a number of positive and
negative differences that remain stationary, thus suggesting a380

strong relationship to the topographic differences that may
change the wind flow path. In fact, and as shown in Fig. 6
where the difference field for mean wind intensity at a ten
meter height between SRTM and CTL simulations for 20
February 2010 is shown. In fact, these differences present a385

strong correlation coefficient when compared to their topog-
raphy difference - 0.606 for SRTM simulation and 0.603 for
ASTER.

3.2.2 Precipitation modelled results

As Luna et al. (2011) and Couto et al. (2012) have shown,390

this particular precipitation event was forced by topography
flow lifting - orographic precipitation. Given the effect that a
different topography dataset in flow properties, as seen in the
previous subsection, differences in precipitation distribution
and intensity are also expected.395

Figure 7 represents the accumulated precipitation for 20
February 2010 CTL simulation. High amounts of precipita-
tion occur in the centre of Madeira Island near the highest
peaks. It is also evident that in the southern part of the island
- upstream the main flow - there is a large amount of simu-400

lated accumulated precipitation as would be expected. As it
encounters the barrier - Madeira Island - the air is forced to
rise. The raising moist air cools and creates favourable condi-
tions for precipitation to occur. On the other side of the island
- the Northern part - there is a decrease in precipitation due405
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February 2010 for control simulation.
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Fig. 8: Difference fields for accumulated precipitation
(mm · day−1) between SRTM and CTL simulation for 20
February 2010.

to air subsidence and lower moisture content. Therefore, the
simulated accumulated precipitation amounts are reduced in
this area. This precipitation distribution and patterns are con-
sistent with those that Luna et al. (2011) and Couto et al.
(2012) have described for this particular extreme precipita-410

tion event.
When comparing the results of SRTM and ASTER simu-

lations with the CTL it is evident that differences occur over
the island. Figure 8 shows the accumulated precipitation dif-
ference fields between SRTM and CTL (SRTM - CTL) sim-415

ulation for 20 February 2010. The pattern of the difference
field is similar for both simulations in amplitude and in dis-
tribution. Furthermore, it is evident that in the Western part
of Madeira Island most of the differences are positive, which
shows that there is an increase in simulated precipitation for420

these simulations. This region of the island is characterised
by a a steep slope followed by a plateau with an height of
1400m that is oriented perpendicular to the main flow. As
seen before, SRTM and ASTER simulation have a more de-

Fig. 8. Difference fields for accumulated precipitation (mmday−1) between SRTM and CTL
simulation for 20 February 2010.
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(a) CTL simulation.
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Fig. 9: USGS land use categories field based on the USGS (a) and in CORINE land use dataset (b).

tailed topography and, therefore, there is an increase of the425

terrain slope adjacent to the plateau. Consequently it is plau-
sible that steeper slopes enhances the terrain forcing leading
to a stronger air rise that may then lead to an enhancement of
topographic driven precipitation.

Centred in Madeira Island, it is possible to observe a nega-430

tive value of accumulated precipitation difference. This nega-
tive isolated difference is associated to a deep valley - Ribeira
Brava - located near Lugar de Baixo weather station that ex-
tends to the top of Madeira Island. The obtained result in this
area is consistent with the expected one. As the new high res-435

olution topography data sets tend to deepen the valleys, the
area of terrain forcing the air to rise is reduced which may
result in a decrease in precipitation.

The highest peaks of Madeira Island are located in its East-
ern region. However, near the eastern shore the slopes are not440

as steep as in the Western region of the island. When apply-
ing the high resolution topography it results in a decrease
in precipitation near Madeira shore - negative values of ac-

cumulated precipitation difference - and an enhancement of
precipitation in the Eastern mountainous regions - positive445

values of accumulated precipitation difference.
In addition, the correlation between the accumulated pre-

cipitation difference and the topography difference for both
SRTM and ASTER was determined with values of 0.36 and
0.46 respectively, with a confidence level of 95 %. These val-450

ues, albeit small (< 0.5), show a relation between the change
in topography and the precipitation difference distribution.

3.3 Sensitivity to Land Use

As mentioned before, despite all simulations having the same
resolution, the use of different datasets introduces differences455

in the modelled results. Contrary to topography, land use
changes over time scale typical of human activity and, there-
fore, land use datasets may change significantly every time
they are updated. In addition, it must be kept in mind that
there is a 13 year time gap between the USGS and CORINE460

Fig. 9. USGS land use categories field based on the USGS (a) and in CORINE land use
dataset (b).
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land use used in this work.
Figures 9 shows the USGS land use categories field for

CTL and CORINE simulations. It is possible to observe that
there are differences in Madeira’s coastline representation
between CTL and CORINE simulations. In fact, CORINE465

dataset gives a more approximated coastline representation
of the Madeira Island geographic features to the numerical
model. Furthermore, significant differences in land use cat-
egories can be distinguished. For example, contrary to CTL
simulation, urban and build-up land category is recognised470

by the model when CORINE dataset is used. Nonetheless,
the area occupied by evergreen broadleaf and dryland crop-
land is reduced when the CORINE dataset is used. Also, an
increase of the area occupied by mixed forest and grassland
can be observed. These changes between CTL and CORINE475

simulation may lead to changes in wind flow proprieties, due
to changes in soil roughness length and in precipitation pat-
terns (Chen et al., 2001).
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Fig. 10: Difference fields between CORINE and CTL sim-
ulations for 10-m wind mean intensity - horizontal compo-
nents - 20 February 2010.

Figure 10 shows the difference field between CORINE
and CTL simulations for 10-m wind mean intensity for 20480

February 2010. As can be seen, the differences produced by
the use of the CORINE land use dataset for this particular
precipitation event are small when compared to those pro-
duced by the use of a high resolution topography dataset. For
mean horizontal wind component intensity, it is possible to485

observe that in CORINE simulation there is a decrease of
wind speed (∼ 2 m · s−1) around Madeira Island shore, es-
pecially in the Eastern end of the island, where a significant
change from shrubland and cropland to urban and mixed for-
est occurs. On the other hand, an increase of mean wind in-490

tensity in the mountainous region of the island can be ob-
served (∼ 2 m · s−1). When analysing the area where this
wind intensification occurs - Fig 9 - it is possible to see that a
change from an area characterised by the existence of decid-
uous broadleaf forest in CTL simulation is mostly changed to495

shrubland and grassland which has a lower roughness length

in CORINE, thus reducing surface wind drag over this area
(Chen and Dudhia, 2001).

For accumulated precipitation - not shown - the differ-
ence values are smaller (< 20 mm ·m−2 · day−1) than those500

previously seen for simulations in which topography was
changed. Most differences are located upwind Madeira Is-
land with positive differences values near Madeira’s shore
in an area of high density of urban and build-up land in
CORINE simulation, and negative differences in the moun-505

tainous region.

3.4 Modelled results vs Observed data

The previous analysis of the model results showed that, in
this case study, the change to a high resolution lower bound-
ary condition dataset leads to a change in model results for510
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precipitation, wind direction and intensity. However, in or-
der to know which one best represents the atmospheric con-
ditions that were present throughout this event - 20 February

Fig. 10. Difference fields between CORINE and CTL simulations for 10 m wind mean intensity
– horizontal components – 20 February 2010.
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land use used in this work.
Figures 9 shows the USGS land use categories field for

CTL and CORINE simulations. It is possible to observe that
there are differences in Madeira’s coastline representation
between CTL and CORINE simulations. In fact, CORINE465

dataset gives a more approximated coastline representation
of the Madeira Island geographic features to the numerical
model. Furthermore, significant differences in land use cat-
egories can be distinguished. For example, contrary to CTL
simulation, urban and build-up land category is recognised470

by the model when CORINE dataset is used. Nonetheless,
the area occupied by evergreen broadleaf and dryland crop-
land is reduced when the CORINE dataset is used. Also, an
increase of the area occupied by mixed forest and grassland
can be observed. These changes between CTL and CORINE475

simulation may lead to changes in wind flow proprieties, due
to changes in soil roughness length and in precipitation pat-
terns (Chen et al., 2001).
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Figure 10 shows the difference field between CORINE
and CTL simulations for 10-m wind mean intensity for 20480

February 2010. As can be seen, the differences produced by
the use of the CORINE land use dataset for this particular
precipitation event are small when compared to those pro-
duced by the use of a high resolution topography dataset. For
mean horizontal wind component intensity, it is possible to485

observe that in CORINE simulation there is a decrease of
wind speed (∼ 2 m · s−1) around Madeira Island shore, es-
pecially in the Eastern end of the island, where a significant
change from shrubland and cropland to urban and mixed for-
est occurs. On the other hand, an increase of mean wind in-490

tensity in the mountainous region of the island can be ob-
served (∼ 2 m · s−1). When analysing the area where this
wind intensification occurs - Fig 9 - it is possible to see that a
change from an area characterised by the existence of decid-
uous broadleaf forest in CTL simulation is mostly changed to495

shrubland and grassland which has a lower roughness length

in CORINE, thus reducing surface wind drag over this area
(Chen and Dudhia, 2001).

For accumulated precipitation - not shown - the differ-
ence values are smaller (< 20 mm ·m−2 · day−1) than those500

previously seen for simulations in which topography was
changed. Most differences are located upwind Madeira Is-
land with positive differences values near Madeira’s shore
in an area of high density of urban and build-up land in
CORINE simulation, and negative differences in the moun-505

tainous region.

3.4 Modelled results vs Observed data

The previous analysis of the model results showed that, in
this case study, the change to a high resolution lower bound-
ary condition dataset leads to a change in model results for510
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precipitation, wind direction and intensity. However, in or-
der to know which one best represents the atmospheric con-
ditions that were present throughout this event - 20 February

Fig. 11. Taylor diagrams for v wind components – green curved lines represent the STDE.
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land use used in this work.
Figures 9 shows the USGS land use categories field for

CTL and CORINE simulations. It is possible to observe that
there are differences in Madeira’s coastline representation
between CTL and CORINE simulations. In fact, CORINE465

dataset gives a more approximated coastline representation
of the Madeira Island geographic features to the numerical
model. Furthermore, significant differences in land use cat-
egories can be distinguished. For example, contrary to CTL
simulation, urban and build-up land category is recognised470

by the model when CORINE dataset is used. Nonetheless,
the area occupied by evergreen broadleaf and dryland crop-
land is reduced when the CORINE dataset is used. Also, an
increase of the area occupied by mixed forest and grassland
can be observed. These changes between CTL and CORINE475

simulation may lead to changes in wind flow proprieties, due
to changes in soil roughness length and in precipitation pat-
terns (Chen et al., 2001).
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Figure 10 shows the difference field between CORINE
and CTL simulations for 10-m wind mean intensity for 20480

February 2010. As can be seen, the differences produced by
the use of the CORINE land use dataset for this particular
precipitation event are small when compared to those pro-
duced by the use of a high resolution topography dataset. For
mean horizontal wind component intensity, it is possible to485

observe that in CORINE simulation there is a decrease of
wind speed (∼ 2 m · s−1) around Madeira Island shore, es-
pecially in the Eastern end of the island, where a significant
change from shrubland and cropland to urban and mixed for-
est occurs. On the other hand, an increase of mean wind in-490

tensity in the mountainous region of the island can be ob-
served (∼ 2 m · s−1). When analysing the area where this
wind intensification occurs - Fig 9 - it is possible to see that a
change from an area characterised by the existence of decid-
uous broadleaf forest in CTL simulation is mostly changed to495

shrubland and grassland which has a lower roughness length

in CORINE, thus reducing surface wind drag over this area
(Chen and Dudhia, 2001).

For accumulated precipitation - not shown - the differ-
ence values are smaller (< 20 mm ·m−2 · day−1) than those500

previously seen for simulations in which topography was
changed. Most differences are located upwind Madeira Is-
land with positive differences values near Madeira’s shore
in an area of high density of urban and build-up land in
CORINE simulation, and negative differences in the moun-505

tainous region.

3.4 Modelled results vs Observed data

The previous analysis of the model results showed that, in
this case study, the change to a high resolution lower bound-
ary condition dataset leads to a change in model results for510
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precipitation, wind direction and intensity. However, in or-
der to know which one best represents the atmospheric con-
ditions that were present throughout this event - 20 February

Fig. 12. Taylor diagram for precipitation – green curved lines represent the STDE.
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Fig. 13. Precipitation skill chart for the stations located windward (a) and leeward (b) regions.
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