doi:10.5194/nhess-11-1787-2011 and Earth
© Author(s) 2011. CC Attribution 3.0 License. System Sciences

Nat. Hazards Earth Syst. Sci., 11, 178794 2011 y -K
www.nat-hazards-earth-syst-sci.net/11/1787/2011/ G Natural Hazards

A tool for assessing the quality of the Mediterranean cyclone
forecast: a numerical index

M. A. Picornelll, A. Jansd!, and A. Genowed

ID.T. liles Balears, AEMET, Palma de Mallorca, Spain
2DDA, AEMET, Madrid, Spain

Received: 24 February 2011 — Revised: 16 May 2011 — Accepted: 19 May 2011 — Published: 22 June 2011

Abstract. Cyclones affecting the Mediterranean region, the forecast should be verifieM(rphy, 1993 and to find-
sometimes related to severe weather events, are often natg suitable methods for thig\WGFVR 2008 Stanski et al.
well represented enough in numerical model predictions.  1989. Verification is a key step to improving the forecast

Assessing the quality of the forecast of these cyclonicprocess, as information concerning the scale and features of
structures would be a significant advance in better knowingforecast errors is obtained and possible sources of error can
the goodness of the weather forecast in this region, and pambe identified, in order to monitor forecast quality and to com-
ticularly the quality of predictions of high impact phenom- pare the quality of different forecast systenBrdoks and
ena. Doswell 1996 Wernli et al, 2008 JWGFVR 2008.

In order to estimate the cyclone forecast uncertainty in This task involves some intrinsic difficulties: firstly, the
operational models, in this work we compare two cyclone observed weather has to be described properly. Many vari-
databases for the period 2006—2007: one from the operaables can be used to describe the weather and the most rep-
tional analyses of the T799 ECMWF deterministic model; resentative ones should be selected. Furthermore, these vari-
and the other from the forecasts provided by the same modedbles can derive from observations (e.g. remote sensing, sur-
in three ranges, H+12, H+24, and H+48. The skill of the face observations) or from numerical model analyses; more-
model to detect cyclones and its accuracy in describing theiover, all of them entail an associated error. Another difficulty
features are assessed. is how to handle so much information. Some suitable sta-

An index is presented as an indicator of the quality of thetistical skill scores can be selected, or created if necessary,
prediction, derived from the frequency distribution of errors to combine the large quantity of information obtained from
in the prediction of four characteristics of the cyclone: posi- this process. These indexes can also be useful to quantify the
tion, central pressure value, geostrophic circulation, and dovariation of the skill of numerical models in forecasting these
main. Some sub-indexes are derived to verify each of theevents and to assess the improvement of the model over time
variables separately in order to analyse the most frequenfCharles et a).2009.
sources of error. Other sub-indexes are also defined to in- Weather in the Mediterranean is sometimes related to the
dicate possible biases in the numerical prediction model.  presence of cyclones which, from time to time, produce se-
vere weather events. Assessing the forecast quality of these
cyclonic structures would be a significant advance to better
know the goodness of the weather forecast in this region and,
particularly, the quality of predictions of high impact phe-

An essential aspect in the weather prediction process is veffl0mena. A more or less accurate representation of these cy-
ification, that is, a comparison of predicted weather againsf"omc structures in the analysis and forecasts from numerical
observed weather or a good estimate of true outcome. In réM0dels can be an indicator of the quality of the description

cent times much effort has been devoted to explaining thaPf the state of the atmosphere. The skill of the numerical
weather prediction model in forecasting cyclones has been

the subject of previous works for the Mediterranean af¢a (
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The aim of this paper is to present a tool for comparing
the detection and description of cyclones in different outputs 400 -
of the same or different models that also quantifies the sim-
ilarity of the different descriptions. This tool also attempts
to analyse the origin of these differences. This procedure
can be applied to compare analyses from different numer-30(Q -
ical models, as well as analyses and forecasts of different
scopes and predictions obtained from Ensemble Prediction
Systems (EPS).

In a previous work, an objective methodology to assess 200 7
and quantify cyclone forecast error was developeatdr-
nell et al, 2002 and applied to investigate the performance
of the HIRLAM(INM)-0.5 model in predicting surface cy-
clones. In the present work, some aspects of this methodol-
ogy have been modified in order to reduce the subjectivity in
some steps. Moreover, some new numerical indexes are pro-
posed to estimate the cyclone forecast quality, to discriminate  (Q -
whether the forecast has over or underestimated some magni- SPRING SUMMER AUTUMN  WINTER
tudes in the description of the cyclones, and even to report on
the prediction of each cyclone feature. Finally, the resultantFig. 1. Number of detected cyclonic centres in the m.s.l.p. analyses
methodology has been applied to investigate the performanc@NA), H+12, H+24, and H+48 forecast fields from spring 2006 to
of the ECMWF T799 operational model in predicting surface winter 2007.
cyclones.

ANA

H+12
H+24
H+48

om0l

100

over the domain and it is expressed in Circulation Units,
where 1 CU =10m?s~1 (Sinclair, 1997).
2 Cyclone databases The two databases used in this work were obtained by
applying the procedure on the T799 ECMWF deterministic
In the present work, in order to apply the verification method- model msip fields twice, once on the sea level pressure anal-
ology over a period of one year, from spring 2006 to win- yses and then one on the mslp forecasts fields, over an area
ter 2007, two cyclone databases were obtained from thdérom 32° N to 56 N and from 32 W to 24 E. All fields were
T799 ECMWF deterministic model which was operational interpolated to a 0.25x 0.25 lat-lon grid and smoothed us-
for those years. The cyclones were detected and describegélg a Cressman filter with 200 km of radius in order to obtain
using a previously automated procedure describeféicor-  an adequate description of the cyclones. Three different fore-
nell et al.(2001). The procedure was originally designed cast ranges, +12, +24, and +48 h (two forecasts per day 00Z
to describe Mediteranean cyclones and their specific characand 12Z), were considered to investigate temporal trend in
teristics. It has been successfully applied for climatologicalthe forecast quality.
purposes in different objective analysis outputs on different  The definition of cyclone is not very restrictive and a large
lat-lon regular gridsRicornell et al. 2003, Gil et al, 2002  number of cyclonic centres were detected, some of them
Campins et a).2006 2010. Nowadays, the procedure can small and weak. The maximum frequency of cyclones occurs
be considered a robust enough tool for objectively describindn spring and summer and the lowest in winter (see Fig. 1).
not only the usual extratropical Mediterranean cyclones, buiNo big differences in the cyclone magnitude values between
also the shallow mesoscale depressions frequently observafle three forecast ranges and the analyses were observed.
in the area.
In the aforementioned procedure, a cyclone is defined as
a relative minimum in the mean sea level pressure (m.s.l.p.B  Verification procedure
field with a mean pressure gradient around the centre greater
than 0.5hPa/100km in at least six of eight main direc-In order to assess the model’s ability to forecast cyclones, the
tions. For each cyclone, the date, location, domain, radiipredicted cyclone database was compared against the corre-
geostrophic vorticity, and geostrophic circulation (amongsponding cyclone database from the analysis fields, which
other magnitudes) are estimated. The cyclone domain (deis considered a reliable reference. From this comparison an
fined as the area of positive geostrophic vorticity around theerror sample was obtained for one year.
cyclone centre) is obtained looking for the zero-vorticity line  The verification procedure follows three steps (as in Pi-
around the low-pressure centre in sixteen directions. Cy-cornell et al., 2002; following Atger, 1997). First of all,
clone intensity is measured by the geostrophic circulationthe numbers of forecast and analysed cyclones are compared
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and, secondly, the accuracy of this forecast is assessed by 400 1
comparing several cyclone magnitudes. In the third step, in
order to quantify forecast quality, some indexes are defined.

300 -
3.1 Detection performance

In order to compare the analysed and forecast fields valid for
the same time, a criterion to decide whether an analysed cy-
clone was forecast should be established. In this work an
analysed cyclone is regarded as a correct forecast if in the :
corresponding forecast field a cyclone is located at a distance g B

shorter than 400 km from the analysed one. If more than one 0l - i o
forecast cyclone is located within a 400 km radius around the Hi12 H+24 H+48
observed cyclone, the closest forecast cyclone is paired with

the observed cyclone. The distance threshold of 400 km be- 50 -
tween analysed and forecast cyclones was selected by reach-
ing a compromise: for a longer distance, the number of hits
increases in some cases, but the number of wrong relations
will also probably increase, and forecast quality can be ad-
versely affected.

First, the location of the cyclones is compared and the
distance between the positions of cyclones in the analysis
in the forecast is calculated. This distance depends on the
time forecast range: distance distributions for different fore- 101
cast ranges reveal that, in most cases, the forecast cyclone
at H+12 is closer to the analysed cyclone than the forecast h
cyclone at H+24 and H+48, as Fig. 2a shows. The mean dis- o 100 200 300 200
tance between forecast and analysed cyclones increases from Distance (km) ()

50.18 km for H+12, to 75km for H+24, and to 118 km for
the longest range. Fig. 2. Frequency distribution of distance (km) between forecast

The frequency distribution of the distance for the whole and analysed centregq) for three forecast ranges aio) for all
sample (Fig. 2b) shows that less than 3 % of forecast cyloneforecast ranges.
are farther than 300 km from the analysed centres. These
statistical results reinforce the chosen criterion and support _ . .
the hypothesis that the distance of 400 km is appropriate tcﬁﬂe L fSk't” Scor‘_eovalues (HR, HSS, and HK; perfect score: 1,
relate the most analysed and forecast cyclones. - perfect score:0).

To assess the detection performance, the number of pre-
dicted and analysed cyclones are compared. The number of

Distance (km)
N
=
o

100 -

Forecast ranges (a)

Frequency (%)

HR FAR HSS HK

hits (analysed and forecast cyclones, H), false alarms (fore- H+12 0.8332 0.0010 0.5747 0.5734
cast but not analysed centres, FA), misses (analysed but not H+24 0.7382 0.0013 0.4887 0.4881
forecast centres, M), and correct negatives (number of charts H+48 0.6536 0.0018 0.3394 0.3397

without analysed and without forecast cyclones, CN) are

counted and compiled in a contingency table for each fore-

cast range. Hit Rate (HR) and False Alarm Rate (FAR) are

obtained as well as other skill scores (see Table 1). As showtions in the various bins. An examination of the relationship

in Fig. 1 in the previous section, the number of detected cy-between the elements in the multi-category contingency table

clones is similar in the three forecast ranges, but the numbegives information as to whether forecasts produce the correct

of hits decreases when the forecast range increases, therdistribution of cyclones when compared to the observations.

fore the HR value decreases. The correct forecasts of nonFrom off-diagonal elements, the nature of the forecast errors

ocurrence dominate the contingency table and it affects somean be more easily diagnosed (JWGYV, 2008).

skill scores such as FAR. The cyclones in the sample are categorized according to
Bearing this in mind, a second assessment scheme is useleir intensity, measured by geostrophic circulation. Twelve

based on the correspondence between the distribution ofategories of 1 CU are defined and a multi-category con-

forecast and analysed categories. The multi-category cortingency table for each forecast range is obtained. In this

tingency table shows the frequency of forecasts and observawork, a row and a column is added to the contingency table,
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corresponding to the zero-category, in order to obtain the dis- Two simple measurements that convey some information
tribution of False Alarms (FA) and Misses (M): when a cy- concerning forecast performance are calculated: bias, which
clone is forecast but not present in the analysis (FA), it isindicates whether the forecast system has a tendency to un-
assigned to column O; or when the analysed cyclone is noterforecast or overforecast events, and root mean square er-
forecast (M), it was was assigned to row 0. Cyclones whoseor (RMSE), which informs about the average magnitude of
intensity has been correctly forecast are counted in the diagathe errors. Figure 3b shows that for shortest ranges the bias is
nal elements, (in bold in the Table 2). In accordance with thenearly zero and, although the bias value increases for H+48,
multi-category contingency table for H+12 (Table 2), 65 % no strong signal of bias is observed. RMSE curves become
of hits were forecast in the right category. The over-diagonallarger as the forecast range increases, so the error in the pres-
elements show an underestimate of the intensity and 16 % afure value, geostrophic circulation, and area also increases
cyclones were forecast in an inferior category. Only aboutwith forecast range.

2% of the forecasts estimated were under-predicted with

a greater difference of intensity. Under-diagonal elements3.3  Index

show an overestimate, and 14 % were forecast in a superior _ _ o o
category. The third step in the verification process consists in con-

To summarize the performance of multi-category fore- Structing an index based on the forecast errors of some char-

casts, two skill scores can be used, the Heidke skillacteristics £) of the cyclone, which could quantify the ac-
score (HSS), and Hansen and Kuipers discriminant (HK),curacy of the model to forecast cyclones. In an initial at-
which indicate the accuracy in predicting the correct categorytempt, an index based on the weighted sum of the errors in
compared with chance (JWGV, 2008). Again, the highestsome characteristics of the cyclone (location, central pres-
skill score values occur for the shortest range. For H+24 andure value, geostrophic circulation, and radii in 16 directions
H+48 the number of diagonal elements decreases, that is, déz = 19) was defined (Picornell et al., 2002). The weight as-
tection performance worsens when forecast range increasegigned to each difference was quite subjective and to correct
and, consequently, the HSS and HK values are lower, adhis issue a new index has been defined, weighting the con-
shown in Table 1. Most of the analysed cyclones are cor-tribution of each error in an objective way.

rectly detected by the forecasts, but their intensity is not well In the present work, to compare the predicted and observed

forecast. cyclone shape, the correlation between the sets of 16 radii is
considered, rather than the actual values of the 16 radii that
3.2 Forecast accuracy were used in Picornell et al. (2002). Thus, the measure of the

forecast quality is based on the error of four of the cyclone’s
To assess forecast accuracy, the error distribution of somgeatures g = 4):

of the cyclone features is examined. Only hits are con-

sidered in this step of the process. The magnitudes of _ distance between forecast cyclone position and ob-
some parameters characterizing the analysed and forecast served position;

cyclones are compared: central pressure value, geostrophic

vorticity, geostrophic circulation, and cyclone domain. The - difference between forecast and observed pressure val-
forecast error is measured by calculating the differences in  ues at the central point of the cyclone;

the value of these parameters. To illustrate these errors,

Fig. 3a shows the distribution of differences in central pres- — difference in geostrophic circulation; and

sure value, geostrophic circulation, and area. For these mag-
nitudes, negative or positive difference values indicate that
the variable is underpredicted or overpredicted, respectively.
It must be taken into account that an underestimate or overes-

timate of the central pressure value involves an overestimat - :
P ?he characteristics separately in order to analyse the most fre-

or underestimate, respectively, of the cyclone depth. uent sources of error. Other sub-indexes are also derived to
A common characteristic of all error distributions are their IS ; L
g|cate possible biases.

quasi-Gaussian shape and their dependence on the forecas
range. For H+12 the difference values are more concentrateg 31 Contribution of each characteristic error
around zero, but for H+24 and especially H+48 the values

vary to a much greater extent. As the difference distribu-go; g4ch one of these features, the cumulative frequency
tions are similar for the three forecast ranges, the three ergistribution of the absolute value of the erdi, (k=1n

ror databases are jointly c_ollected and an error sample is ob- _ 4), is obtained for the whole sample and is considered

tained for a reference period of one year. the error reference pattern. The cumulative frequency of the
absolute error for one of the characteristics, for instance the
geostrophic circulation (GCh3(j), is shown in Fig. 4. From

— correlation between radii of forecast and observed cy-
clones in order to measure differences in their shape.

Besides, some sub-indexes are defined to verify each of
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Table 2. Multi-category contingency table for the forecast range H+12. The cyclones were categorized according to their intensity. Twelve
categories of 1 CU were defined. False Alarm distribution appears at the zero observed category column (FA). Miss distribution appears in

the zero forecast category row (M).

FA Observed Category
0 1 2 3 4 5 6 7 8 9 10 11 12 TOTAL
M 0 0 32 108 39 27 9 8 2 4 2 2 0 0 233
1 24 16 9 1 0 0 0 0 0 0 0 0 0 50
2 127 19 217 51 2 0 0 0 0 0 0 0 0 416
3 72 2 40 200 35 10 1 0 0 0 0 0 0 360
4 30 1 4 39 132 30 3 0 0 0 0 0 0 239
Forecast 5 15 0 1 6 28 93 32 2 1 0 0 0 0 178
6 5 0 0 1 1 16 44 7 1 1 0 0 0 76
Category 7 6 0 0 0 1 2 6 24 18 1 0 0 0 58
8 1 0 0 0 0 0 2 5 24 2 2 0 0 36
9 0 0 0 0 0 0 0 3 7 10 7 0 0 27
10 0 0 0 0 0 0 0 0 1 1 3 2 1 8
11 0 0 0 0 0 0 0 0 0 0 1 2 0 3
12 0 0 0 0 0 0 0 0 0 0 0 0 2 2
TOTAL 280 70 379 337 226 160 96 43 56 17 15 4 3 1686
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Fig. 3. (a)Frequency distribution (%) of the differences in central pressure (hPa), geostrophic circulation (CU), ébeanjki(b) bias and
RMSE for these differences H+12, H+24, and H+48 for each month.
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Index I(j)

F3(j) a partial indexc( ) is defined in order to quantify the ~ Fig. 5. Cyclone distribution as a function of the index valug’).
accuracy of the characteristic forecast:

L B : predicting the cyclone at a given time, the error in the char-
ie(j) = (00=Fs(j)/n @ acteristics used to describe it can be used jointly. The qual-
and their values for the cyclones in the sample are repreity of a prediction is qﬁected by the error in a!l the param-
sented in the right vertical axis in Fig. 4. This index is eters. As these sub-indexes are non-dimensional they may
constructed in such a way that maximum value (90n be combined jointly. Thus, from these sub-indexes an index,

this case 25) occurs whefis(j) = 0 and is therefore as- 1(j), was constructed to quantify the goodness of the model

signed to the perfect forecast. From the cumulative fre-at forecasting cyclones:

quency distributionf3(;), for an expected cyclone with a 1) =|id(j)|+1ip()|+lic()|+lir(j)]
GC error j1=0.1CU the value of cumulative frequency Y F()

F3(j1) =174 is assigned. This value is relatively low and I(j)=100— =t=L

it indicates that a large part of cyclones of the sample have "

peen forecast Zlvs'tsr:gigaéfgli%‘i'ffgg.%‘?'aﬁz‘i[]iorfe';n';'ghid(j), ir(j) €[0,100/n] ip(j).ic(j) € [~100/n,100/n],

that the GC forecast is among the best forecasts of the refer- 1(j) €10,100 ®)
ence sample, in which case it is considered as a good predic-

tion. However, for a larger erroi2=1.2CU, a high value

F3(j2) =91 is assigned, that is, most of the cyclones of thelf 5 =4

sample have been forecast with a lower GC error. In this . Fi(j))+ F2(j) + F3(j) + F4(j)
case, the very low index valueg(j2) = 2.4, indicates that I(j)=100- 4
the forecast is considered a low quality prediction. Perfect forecast

Ina s_imilar way, qther sub-indexes are defined from the 1(j)=100id(j) =...=ir(j) =25 (6)
cumulative frequencies of the error of the other characteris-
tics: distancejd(j), central pressure differencis(j), and In the future, more characteristics of the cyclone can also be
radii correlationjr(j): considered and included in the index calculation, in partic-

ular the features that describe the evolution of the cyclonic

id(j) = (100— F1(j))/n 2 centres.
ip(j) = (100— F2(j))/n 3) Two other sub-indexes have been derivelii(j) and
ir(j) = (100— Fa(j))/n (4) Iov(j), in order to gather information concerning whether the

forecast under or overestimates the strength of the cyclone,
If the depth of cyclone or of the circulation has been un-taking into account the contribution of the differences in the
derestimatedp oric values are multiplied by<(1), in such  pressure and GC values. Only the error of the characteristics
a way that positive values of these partial indexes indicate amwhich are underestimated contribute to the sub-inkg):
overestimate and negative values indicate an underestimaté.both characteristics are underestimatéd(;j) and F3(j)
These sub-indexes can be useful to discriminate the origirare involved infyn(j) (case 1 of Eq7); if only cyclone depth
of the forecast error. In an attempt to estimate the error inis underestimated, onl¥>(j) appears in the equation (case

Nat. Hazards Earth Syst. Sci., 11, 178794 2011 www.nat-hazards-earth-syst-sci.net/11/1787/2011/



M. A. Picornell et al.: A tool for assessing Mediterranean cyclone forecast 1793

ECMWF Analysis 4 May 00UTC. Mean sea level pressure & Cyclone Domain 3 May 12UTC ECMWF F 12: 4 May 2010 00UTC. Mean sea level pressure & Cyclone Domain

Fig. 6. Mean sea level pressure and Cyclone Domain (red), 4 May 2010 00:00 UTC. ECMWF Analysis (left), Forecasts H+12 (centre), and
H+48 (right).

Z,Of Eq.7); and the same foF(j) if only GC 'S_ underpre-' Table 3. Differences and index values for two different forecasts
dicted (case 3 of Eq7). If any characteristic is underesti- (11412 and H+48) of the cyclone which affected the Balearic Islands
mated, the index takes its maximum valéig(j) =50 (case  on 4 May 2010 at 00:00 UTC.

4 of EQ.7). The indexlyy(j) is obtained similarly from

the contributions of the overpredicted characteristic errors, dist (km) difp0 (hpa) difcir (CU)  ro
by means Eq.9).
H+12 0.0 —1.00 —0.38 0.99
lip(j)|+lic(j)| = 50— F2L+rs0) H+48  86.06 2.40 ~1.74 0.82
if dPO(j) >0, dGC(j)<0 id ip i ir
lip(j)l+25 =50—Z)
lon() = if dPO(j)>0, dGC(j)>0 7) H+12 25.00 7.75 -11.48 24.54
254 lic(j)| = 50— fai) H+48  7.75 —2.00 -1.04 1713
if dPO(j) <0, dGC(j)<0
50 1 1 |
if dPO(j) <0, dGC(j)>0 ov un
H+12 32.75 36.48 68.77
lip()I+lie(j)| = 50— L2LLFW
it dPO(j)4< 04GC(j)>0 H+48 50.00 3.04 2791
lip(j)|+25 = 50— 2D
N if dPO(j) <0dGC(j) <0
D=1 251 1ie(p) = 50— B (®)
if dPO(j)>0dGC(j)>0 On 3—-4 May 2010 an intense cyclone affected the Balearic
50 Islands. The cyclone moved from the southern Balearic to-
if dPO(j) >0dGC(j) <0 wards NE, quickly intensifying, with a rate (15hPa/24 h)

slightly lower than explosive cyclogenesis (af 391 Berg-
: ; eron=17 hPa/24 h). A historical record of rain in Palma de
lov(j) € 10,501, Lun(;j) € [0,50] Mallorca (47 I n2 i)n one hour), a maximum for the month
Perfect forecastlov(j) =50, Iun(j) =50 of May in Mallorca mountains (234|nf in 24 h, whith
541 m~2in one hour), and exceptional values of western wind
in Minorca were recorded.
The cyclone forecast at H+12 and H+48 on 4 May at

For the cylones in the reference sample, the indéey
was obtained and is shown in Fig. 5. The highest index val-
ues occur for the shortest range and lowest index values ar o . ) .
reached for the longest rangeg,J that is, cyclone forecasts ar 0:00UTC are ver|f|_ed against th_e correspondmg analy5|s_.
more precise for the shorter range, which is in accordance At H+12 the location of cyclonic centre is the same as in
with the above results. the analysis and there is a good correlation between the shape

of the forecast and analysed cyclones, as shown in Fig. 6.
3.3.2 Example of application Therefore the partial indexed andir are close to 25 (see

Table 3). The forecast cyclone is deeper than the analysed
Finally, an example is shown to illustrate the meaning of theone, that is, there is an overestimate of the depth of the cy-
index values. An initial application to a cyclone that does notclone, as is indicated by the partial index valge= 7.75.
belong to the reference sample is presented. On the other hand, geostrophic circulation is slightly under-
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