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ABSTRACT

In this study we investigated sea breeze thunderstorms with intense convective activity
(i.e., heavy rainfall, hail and gusty winds) that occurred over the eastern Iberian
Peninsula (Spain) and were missed by the operational HIRLAM model. We used two
grid-spacing setups (5.0-km and 2.5-km) of the hydrostatic HIRLAM model, and the
non-hydrostatic spectral HARMONIE suite (2.5-km), to simulate isolated convection
associated with sea breezes. The overall aim is to estimate the ability of these three
experimental setups, in particular the HARMONIE model as the forthcoming
operational Numerical Weather Prediction in most European Weather Services, to
correctly simulate convective precipitation associated with sea breezes. We evaluated
high-resolution gridded precipitation forecasts from HIRLAM and HARMONIE suites
for 15 sea breeze thunderstorms against high-density gridded raingauge measurements
applying different neighborhood verification techniques. The results indicate that
higher horizontal resolutions of HIRLAM and HARMONIE models succeeded in
predicting the occurrence of these missed sea breeze thunderstorms, the HARMONIE
suite being the most capable of providing good estimates of accumulated precipitation
in convective events in terms of space and time. Advances in quantitative precipitation
forecasting of locally driven convection could have practical applications for

nowcasting dangerous sea breeze convective phenomena.

Keywords: sea breeze thunderstorm; operational forecasting; HIRLAM; HARMONIE;

neighborhood verification; Iberian Peninsula.
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1. Introduction

The effect of sea breezes in triggering deep convection has been noted in
numerous coastal areas around the world (Simpson, 1994). Many numerical modelling
and observational studies, particularly for the subtropical Florida Panhandle (e.g.,
Pielke, 1974; Pielke and Cotton, 1977; Pielke and Mahrer, 1978; Blanchard and Lopez,
1985; Nichols et al., 1991; Wakimoto and Atkins, 1994), found that low-level sea
breeze convergence and consequently sea breeze front (SBF) development enhance
planetary boundary layer (PBL) air parcels to lift up to the level of free convection
(LFC) (Wilson, 2008; Muppa et al., 2012). Convective initiation can also occur from
horizontal convective rolls (HCR) ahead of the advancing SBF (Atkins et al., 1995).
Both SBF and HCR updrafts merge, promoting deep convective sea breeze
thunderstorms that can sometimes be extraordinarily severe, causing significant rainfall,
hail and gusty winds along the frontal boundary (Dailey and Fovell, 1999; Fovell and

Dailey, 2001; Fovell, 2005).

Convection resulting from horizontal low-level convergence along SBFs is
intensified by several factors (Simpson et al., 2007). The most relevant are as follows:
(a) anabatic valley wind circulations on heated south-facing mountain slopes play a
major role in strengthening uplift processes and developing deep convection by
combining with moist sea breezes that transport water vapor to the coastal mountains in
the daytime (Millan et al., 2005); (b) convergence and SBF intensification is also
enhanced by frictional effects (upslope orographic lifting) produced in coastal areas of
complex terrain (Petterssen, 1956; Pérez-Landa et al., 2006; Papanastasiou et al., 2010);

(c) strong low-level sea breeze convergence also occurs on convex coastlines (e.g.,
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peninsulas, capes, points, and also islands) contributing to increased upward vertical
motion, Cumulus (Cu) and Cumulonimbus (Cb) activity and thunderstorms along the
frontal area (Neumann, 1951; Pielke, 1974; Purdom, 1976; Strickler, 2003); (d) a
sharply defined discontinuity and convergence intensification is observed inland along
the SBF under offshore large-scale synoptic flows (Bechtold et al., 1991; Atkins and
Wakimoto, 1997), and light to moderate winds aloft (<5.0 m s™) result in more clouds at
the leading edge of sea breezes (Azorin-Molina et al., 2009); and (f) regions of high soil
moisture expect heavy precipitation along the SBF (Baker et al., 2001). Most of the
aforementioned factors interact over the complex eastern fagade of the Iberian Peninsula

(Spain), where thermally induced local circulations interact.

Short-term forecasting of the timing, location and intensity of isolated sea breeze
thunderstorms represents a challenging task in numerical weather prediction (NWP),
mainly due to the uncertainties in the initial conditions, limited knowledge about the
cloud microphysical processes, and difficulties in resolving low-level sea breeze
convergence and convection with fairly coarse horizontal resolution operational NWP
models (Mazarakis et al., 2009). Furthermore, isolated sea breeze thunderstorm cells
with severe weather can develop unexpectedly under weakly defined synoptic-scale or
mesoscale precursor disturbances (Wilson, 2008), and may be missed by forecasts.
Strong low-level sea breeze boundaries can deliver enough energy to overcome the
stable cap of the PBL and generate local showers and thunderstorms unexpectedly. For
instance, deep convection associated with sea breezes can occur even when sounding
indices indicate stable weather conditions. This is because sounding indices do not
consider layers below 850 hPa, where strong low level convergence may accumulate
lower tropospheric moisture (Pielke et al., 1971) or capping of inversions can occur,

enhancing or weakening lifting mechanisms, respectively.
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Low-level sea breeze convergence occurs preferentially during the warm season
(May-September), but also in the transition months of April and October, over the
complex eastern fagade of the IP. Its time of occurrence is nearly always in the mid-
afternoon. Despite the high level of occurrence of thermally-driven winds (sea breezes
blow two out of three days of the year, Azorin-Molina and Martin-Vide, 2007) and also
that sea breeze convection brings an average of 100-125 mm yearly to inland areas
during the summer dry season (Millan et al., 2005), there is little knowledge concerning
the important role that sea breezes play in convection initiation in the eastern coast of
Spain. A review of these few investigations was presented by Azorin-Molina et al.
(2009), who used high-resolution cloud frequency composites derived from NOAA-
AVHRR data to identify the location of five preferential sea breeze convergence zones
(SBCZ; hot spots) in the Iberian Mediterranean area and the Isle of Mallorca. The
current study is focused on two of them, i.e., the SBCZ2 (eastern region of the Iberian
system mountains; 1000-1900 m) and the SBCZ3 (Prebetic mountain ranges; 1000-
1600 m). These regions correspond to the east of the Iberian Peninsula, an

orographically highly complex area (Figure 1a).

The main goal of this study is to estimate the ability of NWP to correctly
simulate convective precipitation associated with sea breezes. Two different setups
(5.0-km and 2.5-km horizontal grid-spacing) of the operational HIRLAM model and
the non-hydrostatic spectral HARMONIE suite (2.5-km horizontal grid-spacing; Hirlam
Aladin Regional/Meso-scale Operational NWP In Europe) are evaluated. Three
different neighborhood (also known as ‘fuzzy’) verification techniques are applied here
in order to measure the strength of the HIRLAM and HARMONIE agreement with the
observations. The article is structured as follows. In section 2, we summarize the model

description, set up and initialization of HIRLAM and HARMONIE suites, present the
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sea breeze thunderstorms simulated and observed precipitation data, and briefly
describe the neighborhood verification methods applied in this study. In section 3, the
performance of HIRLAM and HARMONIE gridded precipitation forecasts is evaluated
against gridded precipitation observations. In section 4, the sea breeze thunderstorm
occurred on 7 August 2008 is analyzed. Finally, a summary and discussion of the

findings from this study are presented in section 5.

2. Data and methods

2.1. HIRLAM and HARMONIE model description, set up and initialization

The NWP systems used here are the three-dimensional hydrostatic grid-point
model version 7.2.2 of HIRLAM (Undén et al., 2002), and the non-hydrostatic spectral
model version 36h1.2 of HARMONIE (Seity et al., 2011). The HIRLAM short-range
forecasting model was chosen for this research because it is currently employed as one
of the most important operational NWP system at the AEMET, and by eight other
European Weather Services: Denmark, Estonia, Finland, Iceland, Ireland, the
Netherlands, Norway and Sweden. The HARMONIE limited area model is also used in
this study because it will be implemented shortly as the operational NWP in most of the
European Weather Services. Actually, it is currently being evaluated as a next-
generation replacement for HIRLAM (van der Plas et al., 2012; de Brujin and de Rooy,

2012).

The dynamical core of HIRLAM model is based on a semi-implicit semi-
Lagrangian discretization of the multi-level primitive equations, employing a hybrid

coordinate in the vertical. The comprehensive set of physical parameterization schemes



154  selected in the HIRLAM model suite in order to take into account a variety of sub-

155  gridscale physical processes include: (a) a radiation scheme (Savijarvi, 1990), (b) an
156  adapted Rasch-Kristjansson condensation (Zhang et al., 2003; Ivarsson, 2007) and a
157  Kain-Fritsch mass-flux convection scheme with CAPE closure (Kain, 2004; Calvo,
158  2007), (c) a prognostic moist turbulent kinetic energy (TKE) parameterization (Tijm
159  and Lenderink, 2003), (d) a tiled surface approach distinguishing seven surface types
160  (Interaction Soil-Biosphere-Atmosphere, ISBA surface scheme, Noilhan and Planton,
161 1989; snow and forest, Gollvik, 2002, 2004; lake, Mironov, 2008, Kourzeneva et al.,
162  2008), and (e) a mean and subgrid-scale orography parametrization (Rontu et al., 2002).
163  The HIRLAM system also includes a 4D-VAR data assimilation system (Huang et al.,
164  2002) with analysis of conventional and non-conventional observations. More detailed
165  descriptions about the dynamical and numerical features of the HIRLAM short-range
166  forecasting model can be found in Undén et al. (2002) and at the following URL:

167  http://hirlam.org/index.php?option=com_content&view=article&id=64:general-

168  description-of-the-hirlam-model&catid=48:synoptic-scale-model-hirlam&Itemid=101

169  (last accessed 1 November 2013).

170 The HARMONIE model suite is designed in a cooperation between the

171  HIRLAM and ALADIN (A4ire Limitée Adaptation dynamique Développement

172 InterNational) consortia. The dynamical core of the mesoscale model HARMONIE is
173  developed by ALADIN high precision short-range NWP model and based on a two-
174  time level semi-implicit semi-Lagrangian discretization of the fully elastic equations,
175  also employing a hybrid coordinate in the vertical. ALADIN is a spectral limited-area
176  model developed at Météo-France and based on the ARPEGE/IFS model. The

177 HARMONIE mesoscale option consists of a combination of ALADIN's non-hydrostatic

178  dynamics and Mesoscale Non-Hydrostatic atmospheric model (NH;
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http://mesonh.aero.obs-mip.fr/mesonh410; last accessed 1 November 2013) physics.

The parametrizations of a variety of sub-gridscale physical processes are the same as
those adopted of the AROME physics (Seity et al., 2011). The HARMONIE system
includes a 3D-VAR data assimilation system. A more detailed description of the
HARMONIE model can be found at this URL:

http://hirlam.org/index.php?option=com_content&view=article&id=65&Itemid=102

(last accessed 1 November 2013).

Here, we are interested in evaluating the precipitation performance of the
HIRLAM 0.05° (4.3-km length; hereafter HIR-DS5) horizontal grid-spacing against a
higher horizontal grid-resolution of HIRLAM 0.025° (2.5-km length; hereafter HIR-
D2.5) and HARMONIE 0.025° (2.5-km length; hereafter HAR-D2.5), for those sea
breeze thunderstorm episodes described in section 2.2. On the one hand, the HIRLAM
model is set up with unique domains with an integration area of 300 x 306 horizontal
grid points (latitude by longitude) and the size of 1495 km x 1525 km for the HIR-D5
experiment, and 400 x 406 horizontal grid points and 997.5 km x 1012.5 km for the
HIR-D2.5 experiment. Increased boundary layer vertical resolution can provide
improved forecast performance (Ries and Heinke-Schlunzen, 2009), and therefore the
vertical domain for the two set ups of the HIRLAM contains 60 sigma levels with
enhanced resolution (27 levels in the lowest 3 km) in the PBL. The model top is at 10
hPa and the lowest model level is around 32 m. On the other hand, the HAR-D2.5
experiment is set up with an integration area of 400 x 400 horizontal grid points
(latitude by longitude) and the size of 1000 km x 1000 km, also employing a vertical
domain of 60 hybrid levels with enhanced resolution (27 levels in the lowest 3 km) in
the PBL. The HARMONIE model top is at 1 hPa and the lowest model level is around

10 m. The ECMWF archive supplies the operational boundaries data for both HIRLAM
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and HARMONIE suites with a horizontal grid-spacing of 0.5° x 0.5° and a temporal
resolution of 6 h. These boundaries are also applied as initial conditions. Lateral
boundaries are overspecified, all variables being externally prescribed by the nesting
model. A relaxation zone of 10 grid points is normally adopted and boundary relaxation
is performed after the horizontal diffusion. Additionally, at the upper boundary a
condition of zero vertical velocity is imposed. The dynamics time step is 120 s for the
HIR-DS, and 60 s for the HIR-D2.5 and the HAR-D2.5 experiments. All the
simulations were initialized at 1200 UTC the day before the sea breeze thunderstorm
event, and integrated for 48 h until 1200 UTC the day after the episode, with model
outputs at intervals of 1 h. The domains for each NWP system are represented in Figure

1b.

2.2. Simulated sea breeze thunderstorms and observed precipitation data

We exclusively focused on 15 deep convective sea breeze thunderstorms that
were missed by the operational HIRLAM model; i.e., ‘observed but not forecasted
episodes’. A detailed verification of ‘forecasted but not observed events’ (i.e., false
alarms) is also an interesting topic for future work, but is out of the scope of this study
aimed in analyzing the ability of hydrostatic and non-hydrostatic convection-permitting

models in resolving these sea breeze thunderstorms.

These thunderstorms corresponded to typical sea breeze fronts that developed
explosively under weakly defined synoptic-mesoscale forcing; i.e., weak surface
pressure gradient in the western Mediterranean basin. Some of these storms were

severe, causing significant amounts of rainfall, hail and gusty winds. This synoptic
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pattern allowed the inflow of moisture driven by well-developed local thermal
circulations, which mainly triggered these storms at the low-level convergence zone of
sea breezes. All these convective events were isolated and stationary as was revealed in
the geostationary and polar satellite images, Doppler radar, and lightning data. Table |
summarizes the list of sea breeze thunderstorms simulated, the number of raingauge
station points used for the neighborhood verification, and the maximum of precipitation

recorded for each episode at 06 UTC.

With the aim to evaluate the performance of HIRLAM versus HARMONIE
precipitation forecasts of these sea breeze thunderstorm episodes, this research used 24
h-precipitation accumulations (from 0800 UTC till 0800 UTC) from a high-density
network of Hellman-type raingauges covering the eastern region of the IP (Figure 1b).
The observed precipitation data have been supplied mainly by the AEMET, but we also
used a small number of observations from automatic weather stations (AWS; tipping
bucket raingauges) collected from the Mediterranean Center for Environmental Studies

(CEAM; http://www.ceam.es/index_i.htm; last accessed 1 November 2013), the

Automatic System of Hydrological Information of the Ebro basin management agency

(SAIH; http://www.saihebro.com/saihebro/index.php; last accessed 1 November 2013),

the Valencian Institute for Agriculture Research (IVIA; http://www.ivia.es/; last

accessed 1 November 2013), the Agro-climatic Information System for Irrigation

(SIAR, http://crea.uclm.es/siar/; SIAM, http://siam.imida.es/; last accessed 1 November

2013) and the METEOCLIMATIC network (http://www.meteoclimatic.com/; last

accessed 1 November 2013). The high-density raingauge network consists of a
minimum of 304 and a maximum of 533 observation points depending on each episode
and covers an area bounded between 37°00°N and 41°00°N and 3°00°W and 1°00’E, i.e.

both sea breeze convergence zones (SBCZ2 and SBCZ3; see Fig. 1a) with intensified
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convective activity. Since data were obtained from various institutions, the 24-h raw
accumulated precipitation passed quality control (Aguilar et al., 2003) based on
removing gross errors due to archiving, transcription and digitalization. This basically
consisted on screening out suspicious precipitation values (outliers), such as extreme

and large values for 10-minute, 30-minute or daily measurements.

The precipitation forecasts and observations were gridded onto a regular grid
with dimensions of 81x81 grid points for the 5-km runs, and 161x161 for the 2.5-km
runs, resulting in a grid forecast and grid observation with the same dimensions for each
episode and model run. For gridding the observations into a regular grid we placed the
point observation values at the grid points closest to the observation points. When more
than one observation was present in a grid box of the single intercomparison grid, which
occurred for only two grid points in the total 15 sea breeze thunderstorms, the highest
value was chosen. Here we compared 24 h-precpitation accumulations (from 08:00

UTC till 08:00 UTC) from the gridded simulated and observed precipitation boxes.

2.3. Neighborhood or ‘fuzzy’ verification methods

The statistical verification of high-resolution gridded precipitation forecasts such
as those from HIRLAM and HARMONIE model suites against raingauge data is
increasingly conducted by applying neighborhood or ‘fuzzy’ methods. We decided to
use this approach because traditional verification metrics (e.g., mean square error, root
mean square error, etc.) typically give poor and uninformative values for high resolution
forecasts of small-scale features (e.g., low-level convergence of sea breezes triggering

isolated convection) since exact matches between forecasts and observations are quite

11
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difficult to achieve (Ebert, 2008). However, neighborhood methods use a spatial
window or neighborhood surrounding the forecast and observed points and therefore
relax the condition for exact matches between forecasted and observed precipitation in

space, time and intensity.

Three of the single observation-neighborhood forecast approaches are used here
for evaluating the precipitation performance of the HIRLAM and the HARMONIE
simulations during the 15 sea breeze thunderstorm events (‘observed but not forecast
episodes’). The three methods compare a neighborhood of forecast values to the
observation in the centre of the neighborhood. This mimics how a forecaster might
interpret high resolution model outputs when making a prediction for a particular
location. These particular methods were selected to assess the frequency of the forecasts
predicting appropriately high rainfall near the observed location, and to evaluate the

spatial scales over which a forecaster might consider the model output to be useful.

The first neighborhood technique corresponds to the ‘multi-event contingency
table’ proposed by Atger (2001), which measures the closeness of the forecasted
precipitation to the raingauge observations for multiple decision intensity, spatial and
temporal thresholds. Basically, the ‘multi-event contingency table’ builds on the
traditional 2x2 contingency table, in which hits, misses, false alarms, and correct
rejections are counted for forecasted and observed occurrences of an event (for
precipitation an event is usually defined as rain exceeding a given intensity threshold).
The method combines the customary intensity dimension with additional thresholds
such as spatial and temporal closeness. The method is based on the criterion that a
forecast is useful if the event is forecasted in at least one grid box within a specified

distance s of an observed event. If that is the case, then the forecast is counted as a hit; if

12
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not, then the forecast is a miss. Forecasts for rain within a distance s of a location where

rain was not observed are counted as false alarms.

The Hanssen and Kuipers (HK) score is computed in order to measure the
success of the precipitation forecasts. The HK score (also known as true skill statistics -
TSS- and Peirce’s skill scoce -PSS-) represents a balance between the hit rate (H) and

false alarm rate (F), 1.e., HK=H-F, with a perfect value of 1:

B hits 1) F= false alarms
hits + misses correct rejections + false alarms

(1)

The second neighborhood method applied here corresponds to the pragmatic
technique defined by Theis et al. (2005) which uses the observed precipitation in the
central grid box as a value to verify the model performance against the forecast
precipitation probability within a neighborhood. A useful forecast has skill at detecting
precipitation events and non-events, that is, it has high probabilities in the vicinity of
observed events and low probabilities in the vicinity of observed non-events. The
probabilistic verification metric corresponds to the Brier skill score (BSS) with respect
to the sample climatology. The reference forecast (i.e., the forecast to beat) is the
fraction of observations over the whole domain with rain meeting or exceeding the

threshold.

1
—>(p,) 1)
BSS =1- %

Y@Ly @

where N is the number of observation locations, /; is an indicator (1=yes, 0=no) for an

observed event at each location, < P, > is the fraction coverage of forecast events within

s
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the neighborhood of radius s, and E is the domain mean value of /.. BSS varies

between minus infinity and 1, with larger values indicating more skillful forecasts.

The third and last neighborhood verification technique applied here is the
conditional square root of ranked probability score (CSRR), defined by Germann and
Zawadzki (2004). The definition of a useful forecast according to this metric is one with
a high probability of matching the observed precipitation value. This method is based
on the computation of the ranked probability score (RPS), which uses the frequencies of
forecast precipitation values in logarithmically increasing intervals. The RPS quantifies
the sum of squared differences in cumulative probability space for a multi-category

probabilistic forecast (e.g., Wilks, 2011):

l 2
RPS=——)> (CDF -1
M—l;( = Lem)

)

where M is the number of forecast categories, CDF,, , is the cumulative probability of
the forecast exceeding the threshold for category m, and /., is 1 if the observed rainfall
meets or exceeds the threshold for category m and 0 if not. The square root of the RPS
is the standard error of the forecast probability in probability space, and therefore values
closer to 0 indicate better forecasts. In order to compare different rainfall episodes the

square root of the RPS is normalized by the observed rain fraction.

N RPS

})x>0 (4)

CSRR =

All three fuzzy methods were applied to the individual gridded forecasts. For

each method and model-observation category, the results were aggregated over all cases
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and plotted both as a function of neighborhood size and as quilt plots. The window sizes
were 1x1, 3x3, 5x5, up to 25x25, only plotting results for spatial scales from 2.5 up to
97.5-km. The rainfall thresholds used to define events and categories (needed by the
various scores) were 0.2, 1.0, 2.0, 5.0, 10.0, 20.0, and 50.0 mm, where an event is
defined as the rain equal to or exceeding the threshold. A more detailed description of
these three neighborhood verification techniques and metrics can be found in the review

article of Ebert (2008).

In section 3 we present neighborhood verification results for all the 15 sea
breeze thunderstorms and show an example of good high-resolution precipitation
forecast performance for an isolated sea breeze thunderstorm developed over the Iberian

System Mountains (ISM) on 7 August 2008.

3. Results

3.1. Rain distribution from gridpoint match-ups

The rain distribution plot displayed in Figure 2 shows that all three high-
resolution gridded rainfall forecasts overestimate the observed point precipitation
intensity distribution, with the HIR-D2.5 having a slightly greater over-prediction bias
than the coarser HIR-D5 model. The HAR-D2.5 did a much better job of representing
the observed rain amount distribution. The models also differed in their ability to
predict the maximum rainfall. For instance, forecast rain accumulations exceeding 20
mm are uncommon in the HIR-DS5 (sample maximum of 22 mm), whereas the higher
resolution models produced much higher rain accumulations (sample maxima of 113

mm for HIR-D2.5 and 64 mm for HAR-D2.5). The observed maximum rain amount

15



362  was 90 mm (see Table 1). The overprediction bias has an impact on the neighborhood

363 scores discussed below.

364

365  3.2. Multi-event contingency table method

366 The multi-event contingency table technique, which checks whether a

367  precipitation forecast event is found near an observed value, suggest that the HIRLAM
368  model provided better forecasts than the HARMONIE model when low rain thresholds
369  were chosen, but for precipitation exceeding about 5 mm the HARMONIE model

370  performed more reasonably. This overall feature is clearly discernible looking at the
371  quilt plots shown in Figure 3 which display the HK metric for different rain intensity
372  thresholds (0.2, 1.0, 2.0, 5.0, 10.0, 20.0 and 50.0 mm; x-axes) as a function of various
373  window sizes (from 2.5 up to 97.5-km; y-axes). The magnitude of HK score is plotted
374  and the shade gives an idea of the model s performance, i.e., darker (orange colors) and
375  lighter (blue colors) shades represent better and poorer skills, respectively. In addition,
376  an intensity dependent skillful scale can be obtained by drawing a line through the

377  better score in the verification HK results as shown in Figure 3. Table 2 compares the
378  skillful scales and accompanying HK scores for three models. From the quilt plots and
379  table we can conclude that for rain thresholds of 5.0 mm and greater, the optimal scale
380  for the HARMONIE model is smaller than for the HIRLAM suites, meaning that one
381  needs to look over a smaller distance to find a forecast matching the observation,

382  without having too many false alarms for non-events. For instance, the 0.2 mm rain
383  threshold is best achieved at grid scale by the HIR-D2.5 (2.5 km; HK 0.34; Figure 3a)
384  and the HIR-D5 (5.0 km; HK 0.31; Figure 3b), and at a slightly higher scale but with

385  greater accuracy by the HAR-D2.5 (7.5 km; HK 0.37; Figure 3c). Higher horizontal grid

16



386  resolution for both the HIR-D2.5 and the HAR-D?2.5 is crucial for obtaining smaller

387  optimal scales for rain intensity thresholds equal or greater than 1.0 mm in comparison
388  to the coarser HIR-D5. The optimal scales and HK scores found for the rain threshold of
389  50.0 mm are not representative since there were only 3 observations exceeding this

390 intensity.

391 Comparing the 2.5-km models the HAR-D2.5 model outperformed the HIR-
392  D2.5 model for most rainfall thresholds and scales, with HIR-D2.5 only scoring better
393  than HAR-D2.5 at the finest 2.5-km grid scale and large scales for 10-20 mm rain

394  thresholds. These results confirm the improved ability of the forthcoming non-

395  hydrostatic convection-permitting HARMONIE model suite as an operational NWP

396  model to capture isolated convection associated with mesoscale / local winds.

397

398  3.3. Pragmatic method

399 The BSS is used as a metric for the pragmatic neighborhood verification

400  technique in order to test how useful forecasts are in detecting events and non-events.
401  The reference forecast (i.e., the forecast to beat) is the fraction of observations in each
402  case that are events (i.e., the sample climatology over the whole domain). Figure 4
403  shows the quilt diagrams where the magnitude of the BSS metrics is plotted as a

404  function of the aforementioned intensity precipitation thresholds (x-axes) and the range
405  of spatial scales (y-axes). In general, the pragmatic method suggests that the forecasts
406  had poor skill for most rain rates and scales, with the HARMONIE scheme performing
407  best according to the BSS scores. To resolve this apparent contradiction in comparison

408  to the reasonable HK scores shown in Figure 3, it is important to recognize that both
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neighborhood methods are addressing different questions; the pragmatic approach is a
much tougher test than the “at least one nearby forecast event”. Because all three
models over-predicted the number of rain events, it was difficult to beat the sample
climatology and the skill was negative for all scales and thresholds as shown in Figures
4a (HIR-D2.5), 4b (HIR-D5) and 4c (HAR-D2.5), and summarized in Table 3. We can
conclude that, according to this score, poorer performance occurred at small scales and
low to moderate thresholds. This skill according to the BSS metric was poorer for HIR-
D2.5 than for HIR-DS, while the HAR-D2.5 had the best performance due partly to its

more appropriate rain intensity distribution.

3.4. Conditional square root of RPS

The conditional square root of RPS method, which is an error metric with a
perfect value of 0, also showed the best performance for the HAR-D2.5, followed by the
HIR-DS5 and the HIR-D2.5. As with the pragmatic method, the CSRR scores improve
when increasing to larger scales as shown in Figure 5. This method rewards forecasts
that have a peak in the (neighborhood-based) probability density function that is close to
the observed value. The threshold dependence is integrated into the overall score
through the forecast PDF. The forecast precipitation for the HIR-D2.5 tended to be
higher than for the HIR-D5 and the HAR-D2.5, which means that the forecast PDF

peaked even further away from the observation (see Fig. 2).

4. Sea breeze front case study: 7 August 2008
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4.1. Observational data

The case study corresponds to a typical SBF that was not forecasted by the operational
HIRLAM numerical weather prediction and occurred over the Iberian system mountains
(SBCZ2) on 7 August 2008. We chosen this particular event because the highest
availability of grid observation points (i.e., 533 gauges; see Table 1) which helped for
better evaluating the performance of HIRLAM and HARMONIE forecasts. This non-
forecasted sea breeze thunderstorm produced severe convective activity with heavy
showers, large hail up to 3.5 cm in diameter, and gusty winds, causing significant
damage in some fruit groves and irrigated areas for vegetables, and also damaged
vehicles. The precipitation map displayed in Figure 6 confirms that the study case
corresponded to a very isolated sea breeze thunderstorm cell which accumulated
significant rainfall over a small area in the SBCZ2. For instance, 40 out of the 533 rain-
gauge points, i.e. 7.5%, measured precipitation >0.1 mm, whereas just 6 meteorological
stations reported rainfall >10.0 mm: Cati-Meteoclimatic (45.0 mm), Vallivana-CEAM
(27.8 mm), Morella-CHE (15.8 mm), Vallibona-CHJ (11.2 mm), Cati-CHJ (11.2 mm),

and El Boixar (10.0 mm).

4.2. Operational weather forecast

For the 7 August 2008 experiment the operational HIRLAM model used at the
AEMET was version 6.1.2 with a European domain of 0.16° (16-km length) to simulate
the large scale meteorological conditions, and an inner domain with fine resolution of
0.05° (5-km length) for the Iberian Peninsula and the Balearic Islands; 40 full sigma
levels in the vertical direction were used. The operational HIRLAM 6.1.2 version from

the AEMET partly failed in predicting this sea breeze thunderstorm, as is shown for
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both the 0.16° (Figure 7a) and the 0.05° (Figure 7b) domains, where the 0.16° run gave

some light showers and the high resolution run did not produce any precipitation at all.

4.3. HIRLAM and HARMONIE performance

Figure 8 shows 24-h accumulated precipitation forecasts for the same
integration time from the HIR-D5 (Fig.8a), the HIR-D2.5 (Fig. 8b), the HAR-D2.5
(Fig. 8c), and (d) the HAR-D2.5 (Fig. 8d) with a factor of 5 increase in precipitation
fall speed. Both the HIRLAM and the HARMONIE research simulations succeeded in
capturing the occurrence of convective showers over the SBCZ2 in comparison to the
operational HIRLAM model version 6.1.2. However, the HIR-D5 run predicted a weak
widespread precipitation signal and displaced far to the northwest; the HIR-D2.5 run
simulated heavier rainfall over a larger area located far to the north; and the HAR-D2.5
run forecasted the precipitation at the right place with a reasonable amount. For
instance, the precipitation maxima accumulated in 24 h was 6.6 mm for the HIR-DS5,
92.5 mm for the HIR-D2.5, and 28 mm for the HAR-D2.5; the observed maximum was
45.0 mm in the Cati station. Forecast rain accumulations exceeding 45.0 mm were not
uncommon in the HIR-D2.5 model (seven grid-points sampled 24-h accumulated
precipitation greater than this threshold), whereas the maximum 24-h gridded rain
accumulations in the HIR-D5 model were less than 10 mm. In contrast, the HAR-D2.5
produced a reasonable number of grid-points with maximum rain accumulations similar
to the observations. Summarizing, the HIR-D2.5 version tended to strongly
overestimate precipitation at the rain-gauge points; the HIR-D5 version tended to
strongly underestimate rainfall at rain-gauge points; and the HAR-D2.5 version

performed better precipitation forecasts than both HIRLAM set-ups in terms of amount
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and location, because it correctly reproduced the heavy rainfall along the sea breeze
boundary. We also tested the hypothesis that a large part of the overestimation of HIR-
D2.5 in comparison to HAR-D2.5 is associated with the fact that the fall speed is
infinity in the HIRLAM model suite, i.e., precipitation is put on the ground directly,
which is quite normal in hydrostatic models until recently. This was investigated by
increasing the fall speed of the rain, snow and graupel by a factor of 5 for the HAR-
D2.5 model suite. Fig. 8d shows a significant increase of precipitation by a factor of 2
or more over a large part of the precipitation covered area in Fig. 8c, with a maximum
precipitation of 55 mm whereas the original run produced a maximum precipitation
amount of 28 mm. This difference can be explained by the increase in fall speed as this
reduces the water loading of parcels in the updraft of the showers, increasing the
updraft wind speed and associated precipitation formation. Additionally, precipitation
spends less time in unsaturated air beneath the cloud, causing less evaporation of this

precipitation.

Examination of the wind field shown in Figure 9 reveals that the three model
setups resolved the development of a well-defined low-level convergence of sea
breezes (easterly-southeasterly flows from the Mediterranean sea) and synoptic flows
(westerly-southwesterly flows over the lower plateau of the IP). This convergence zone
played a major role in initiating severe weather on the afternoon of 7 August 2008.
However the location and strength of the low-level convergence of sea breezes is
determined by the model resolution, and this could hypothetically explain why the
position of the precipitation is much better in the HAR-D2.5 than in HIR-D5 and HIR-

D2.5.
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The neighborhood verification metrics used here did not consider closeness in
time (Weusthoff, 2011), but time-series plots represent a way to look at the agreement
between HIRLAM and HARMONIE model results and the observations in terms of
timing. However, for this case-study significant precipitation amounts (i.e., >5.0 mm)
were available in only three AWS, which are shown in Figure 10. Here we compared
the hourly observed precipitation against the maximum modelled precipitation in an
area with radius of 5-km around the AWS. For the Vallivana-CEAM station (27.8 mm,;
Fig. 9a) both the HIR-D5 and the HIR-D2.5 did not capture the hourly maxima of
precipitation that occurred at 15 UTC (15.0 mm) and 16 UTC (12.7 mm), whereas the
HAR-D2.5 correctly predicted the timing and also the amount (16.5 and 14.2 mm at 15
and 16 UTC, respectively). For the Morella-CHE station (15.8 mm; Fig. 9b), the hourly
maxima of precipitation occurring at 15 UTC (4.6 mm) and 16 UTC (11.2 mm) were
fairly reproduced by the HIR-DS5 (2.3 mm at 16 UTC); the HIR-D2.5 detected two
peaks of precipitation at the time of this episode (4.7 and 3.4 mm at 15 and 16 UTC,
respectively) but incorrectly predicted precipitation during the rest of the day with a
maximum peak of rainfall at 22 UTC (6.5 mm). The HAR-D2.5 best represented this
episode, but with a maximum of 7.9 mm at 15 UTC, i.e., showing a timing error of one
hour before the observed maximum. Lastly, for the Michavilla-CHE station (8.2 mm;
Fig. 9c) again the HAR-D2.5 performed reasonably well for the hourly maximum of
precipitation observed at 15 UTC (5.8 mm against 7.6 mm for the HAR-D2.5); whereas
the HIR-D2.5 overestimated the amount and timing with a peak of maximum
precipitation of 73.4 mm at 17 UTC; and the HIR-DS5 captured an hourly maximum of
4.5 mm but one hour later than the observed event. Therefore, we can conclude that, for
this particular case, the HARMONIE was also able to perform better in terms of timing

in comparison with the HIRLAM set-ups.
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4.4. Neighborhood verification of the HAR-D2.5 precipitation forecast

Tartaglione et al. (2005) pointed out that single case-study verification by means
of non-parametric statistical methods may lead to unstable or poor results, due to the
paucity of the statistical sample. In addition, with high resolution models like the ones
applied here and with the operational forecasts increasing in resolution at the Weather
Services it is quite difficult to get good verification results, even when radar data are
available, due to the difficulty in matching between forecasts and observations.
However, here we show the neighborhood verification of the HAR-D2.5 as an example
of good forecast performance of the non-forecasted sea breeze thunderstorm that
occurred on 7 August 2008. The neighborhood verification of the HAR-D2.5
precipitation forecast against the maximum observed rain is shown in Figure 11. The
multi-event contingency table (Fig. 10a) displays strong HK scores for most rainfall
thresholds, and particularly for neighborhood sizes greater than 10-km. The pragmatic
approach (Fig. 10b) also reported positive BSS scores for most spatial scales and
rainfall thresholds. Lastly, the conditional square root of RPS method (Fig. 10c)
showed lower (better) than average values of CSRR. In general, the HARMONIE
forecast precipitation overlapped quite well with several observations of heavy rain,
demonstrating the ability of this model to reproduce isolated convection associated with

low-level convergence of sea breezes.

5. Summary and discussion
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In this study we investigated the ability of both the three-dimensional
hydrostatic grid-point HIRLAM model (5.0-km and 2.5-km grid-spacing set-ups) and
the forthcoming operational non-hydrostatic spectral HARMONIE suite (2.5-km) in
predicting sea breeze thunderstorms that occurred over preferential convergence zones
in the eastern facade of the Iberian Peninsula, Spain. We simulated a set of 15 sea
breeze thunderstorms with intense convective activity that were not forecasted by the
operational HIRLAM system. Neighborhood or ‘fuzzy’ verification techniques were
applied to this set of high resolution regional forecasts making use of high-density
gridded raingauge measurements. The aim was to statistically compare the performance
of HIRLAM and HARMONIE suites with different grid resolutions in predicting this
dangerous sea breeze convective phenomena in the Mediterranean area of the Iberian

Peninsula.

The overall results revealed that both the more recent high resolution HIRLAM
and the HARMONIE model succeeded in capturing the occurrence of these convective
showers, which were missed in the operational HIRLAM runs, with the HARMONIE
model being most capable of delivering high quality forecasts of isolated convection
associated with sea breezes in terms of amount, location, and also time. To summarize,
it was found that the HIRLAM model at 5-km predicted light to moderate precipitation
signals (weak overprediction bias) and a bit displaced in space; the HIRLAM model at
2.5-km simulated excessive amounts of rainfall (strong overprediction bias) for large
areas, i.e., the precise location was not too accurate; whereas the HARMONIE suite at
2.5-km forecasted the precipitation in the right place at the right time with reasonable
amount. It was therefore found that the performance of HARMONIE was better for the
cases studied here as shown by the neighborhood verification metrics. Weusthoff et al.

(2010) also evaluated by means of ‘fuzzy’ techniques that high-resolution models give
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better results for more localized convective precipitation events, and Van der Plas et al.
(2012) found that higher precipitation intensities were better represented in the

HARMONIE model.

The completely missed or strongly underestimated convection of the HIRLAM
versions and the experimental HIRLAM model at 5-km forecast are hypothetically
caused by the coarser resolution of these HIRLAM versions, combined with the less
developed physics in the operational AEMET runs of that time. Differences in
predicting isolated convection found between the coarser HIRLAM versions and the
highest resolution HIRLAM and HARMONIE set-ups can be linked to the impact of
model grid resolution and therefore the ability to skillfully resolve sea breezes and local
winds (Ries and Schliinzen, 2009), in combination with the absence of a deep
convection parameterization in these cases. Different horizontal grid spacing schemes
result in a different placement and strength of the sea breeze front since the temperature
gradient is only a few kilometers wide (Atkins and Wakimoto, 1997). In theory, finer
resolution allows much stronger horizontal gradients and updrafts at the sea breeze
front and a quicker development of convective showers, but sometimes even a 2.5-km
grid spacing is too coarse to simulate convection associated with sea breezes. Another
effect of the higher resolution is that orography gradients become steeper, having a
direct impact on resolving the development of upslope winds. Furthermore, we found
that the overestimation bias for the HIRLAM forecasts can be partly explained by the
fact that the precipitation fall speed is infinity in the HIRLAM model suite, i.e.,

precipitation is put on the ground directly, which is quite normal in hydrostatic models.

To conclude, the HARMONIE model showed more realistic forecasts of

precipitation associated with sea breeze convergence than those given by the HIRLAM
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model, since it is better able to provide good estimates of the precipitation
accumulations and location of isolated convective events. This overall result confirms
the potential capability and skill of the forthcoming HARMONIE model as operational
for most European Weather Services to capture isolated showers and thunderstorms
associated with mesoscale / local winds in areas of complex terrain. This advance in
quantitative precipitation forecasting has practical applications for very short range
forecasting of local dangerous convective phenomena, which cause significant
economic damage and flooding in the Mediterranean area of the Iberian Peninsula

(Sanchez et al., 2003).
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783 List of Tables

784

785  Table 1. Sea breeze thunderstorms selected for verifying the precipitation performance
786  of the HIRLAM and the HARMONIE models suites. The number of raingauge points,

787  the maximum of precipitation and location of this event are tabulated for each episode.

788
Date N° Raingauges MaximumPrecip. Station
(mm)

31/08/2001 450 57.5 Villena (A)
19/04/2002 380 22.2 Beneixama (A)
29/09/2002 420 31.0 Fontanars (V)
18/06/2003 423 13.9 Mosqueruela (T)
25/08/2003 424 3.1 Alcora (C)
02/06/2004 361 12.0 Talave (AB)
20/06/2004 363 90.0 Pina (C)
21/06/2004 361 36.0 Fredes (C)
12/08/2005 363 1.7 1bi(A)
28/09/2006 356 25.0 Pinoso (A)
08/10/2007 350 35.0 1Ibi(A)
01/08/2008 323 34.0 Villafranca (C)
07/08/2008 533 45.0 Cati(C)
08/08/2008 325 53.7 Relleu (A)
11/09/2009 304 43.0 Cati(C)

789

790  (A) Alicante province, (AB) Albacete province, (C) Castellon province, (T) Teruel province, and (V)
791 Valencia province. The (C) and (T) regions correspond to areas affected by the SBCZ2 (Iberian system

792 mountains) and the (A) and (V) regions by the SBCZ3 (Prebetic mountain ranges)

793

794

795
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796  Table 2. Optimal scale (in km) and the HK score found for all three NWP models as a
797  function of the rain intensity thresholds (in mm).
) Rain threshold (in mm)
Model suite
0.2 1.0 2.0 5.0 10.0 20.0  50.0%*
Scale 2.5 2.5 17.5 37.5 37.5 37.5 17.5
HIR-D2.5 HK 0.34 0.38 0.40 0.52 0.57 0.54 0.32
Scale 5.0 25.0 55.0 65.0 65.0 85.0 ---
HIR-D5 HK 0.31 0.40 0.45 0.49 0.35 0.16 0
Scale 7.5 22.5 22.5 27.5 22.5 27.5 37.5
HAR-D2.5 HK 0.37 0.45 0.45 0.53 0.59 0.59 0.63
798  *There were only 3 observations of 50 mm or more.
799
800
801
802
803
804
805
806
807
808
809
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810

Table 3. As in Table 2 but for the BSS scores.

Rain threshold (in mm)
Model suite

0.2 1.0 2.0 5.0 10.0 20.0  50.0%*
Scale | 97.5 97.5 97.5 97.5 97.5 92.5 97.5
HIR-D2.5 BSS | -5.11 -2.52 -1.69 -1.16 -0.59  -0.16  -0.03

Scale 95 95 95 95 95 95 65

HIR-DS BSS | -3.55 -1.40 -0.83 -0.34 -0.10  -0.01 0
Scale | 97.5 97.5 97.5 97.5 92.5 87.5 97.5
HAR-D2.5 BSS | -0.48 -0.18 -0.12 -0.15 -0.10  -0.02  -0.03

811

812

813

814

815

816

817

818

819

820

821

822

823

*There were only 3 observations of 50 mm or more.
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826  FIG. 1. (a) Terrain map of the Iberian Peninsula showing the complex topography of the
827  study area focussed on the steep Iberian System mountains (SBCZ2) and the Prebetic

828  mountains (SBCZ3). Specific locations cited to in the text and the most important
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841
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843

844

845

846

847

geographical features of the IP are shown on the map. (b) HIRLAM model
configuration showing a largest (HIR-DS5; black solid line) and smallest (HIR-D2.5;
black dashed line) domain with horizontal grid lengths of 5.0-km and 2.5-km,
respectively, and also displaying the HARMONIE model configuration with a domain
of 2.5-km grid spacing (HAR-D2.5; grey solid line). The map shows location (grey

dots) of the high-density rain-gauge network for verification model output.
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864  FIG. 4. As in Figure 3 but for the BSS computed for the pragmatic method.
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FIG. 6. Accumulated rainfall recorded between 08 UTC 7 August 2008 till 08 UTC 8
August 2008. The high spatial density of measurements (n= sample size) was obtained
by combining data from Hellmann (SYNOPS) and tipping bucket rain-gauges
(automatic weather station; AWS). The map was produced using a Kriging

interpolation.
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875  FIG. 7. 24-h accumulated rainfall between 06 UTC 7 August 2008 till 06 UTC 8 August

876

877

2008 simulated from (a) the HIR-D16 (0.16°, i.e., 16-km length) and (b) the HIR-D5

(0.05° i.e., 5-km length) operational HIRLAM 6.1.2 version from the AEMET.

45



24-h Accumulated Rainfall 06 UTC 7 August - 06 UTC 8 August 2008

[]

T

2

g

[

2

[

Q

T

41
B
E
c
k]
s
s
%}
9
o
40
(c) HAR-D2.5 (d) HAR-D2.5_exp
] 0 1 4 0 1
878 degree longitude

879  FIG. 8. 24-h accumulated rainfall between 06 UTC 7 August 2008 till 06 UTC 8 August
880 2008 simulated from (a) the HIR-DS, (b) the HIR-D2.5, (c) the HAR-D2.5, and (d) the
881 HAR-D2.5 exp with an increase in fall speed of precipitation by a factor of 5. Note that
882  forecasted maps are plotted using the same boundaries and colors for comparison

883  against the observed rainfall map shown in Figure 6.
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FIG. 10. Time series of observed and modelled precipitation in (a) Vallivana-CEAM,
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radius of 5-km around raingauge station. Note that modelled precipitation for HIR-D2.5

exceeds the maximum y-axis for the Michavilla-CHE station.
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897  FIG. 11. Neighborhood verification of the forecast performed by the HAR-D2.5 on 7

898  August 2008 for (a) the HK scores and (b) the BSS metrics as a function of different
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rain intensity threshold (0.2, 1.0, 2.0, 5.0, 10.0, 20.0 and 50.0 mm) and neighborhood
sizes (from 2.5 up to 97.5-km), and (c) the CSRR scores as a function of different
window sizes (from 2.5 up to 122.5-km). The quilt plots of the HK and the BSS metris
show in darker and lighter shades good or poor model performance, respectively. The

lines indicate the better scale at each rain threshold.
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