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Evaluation of ECMWF forecasts £ ECMWF

1 Introduction

The most recent change to the ECMWF forecasting system (IFS Cycle 46rl, on 12018nhés
summarised in section 2. Verification results of the ECMWF medium-range uppereiadgts are
presented in section acluding, where available, a comparison of ECMWF’s forecast performance

with that of other global forecasting centres. Section 4 presents theatanf of ECMWF forecasts of

weather parameters and ocean waves, while severe weather is addressed in section 5. Finally, section 6
discusses the performance of monthly and seasonal forecast products.

As in previous reports a wide range of verification results is included and, to aid comparison from year
to year, the set of additional verification scores shown here is consisterthat of previous years
(ECMWF Tech. Memos. 346, 414, 432, 463, 501, 504, 547, 578, 606, 635, 654, 688, 710, 765, 792,
817, 831). A few new plots have been included in response to specific requests by ECMWE’s Technical
Advisory Committee. A short technical note describing the scores used iaghbrt is given at the end

of this document.

Verification pages are regularly updated, and accessible at the following address:

www.ecmwf.int/en/forecasts/charts

by choosing ‘Verification” under the header ‘Medium Range’

(medium-range and ocean waves)

by choosing ‘Verification’ under the header ‘Extended Range’

(monthly)

by choosing ‘Verification” and ‘Seasonal forecasts’ under the header ‘Long Range’

(seasonal)

2 Changes to the ECMWF forecasting system

2.1 Meteorological content of IFS Cycle 46rl1

On 11 June 2019, ECMWEF implemented a substantial upgrade of its Integrated For&aseny

(IFS). IFS Cycle 46rl includes changes in the model and in the data assimilation prosedute
generate the initial conditions for forecasts. The upgrade has had a very pogtceon the skill of
medium-range and extended-range ensemble forecasts (ENS) and medium-range high-resolution
deterministic forecasts (HRES). It follows the implementation of IFSe48t1 in June 2018, which
brought coupling to all ECMWF forecasts, from one day to one year ahead, by indodargand sea-

ice models in the HRES configuration. Cycle 46r1 brings major changes in many areas, including:

In data assimilation: continuous data assimilation (an extra 4D-Var outer loop, an increase from 6 to
8 hours in the early-delivery assimilation window length, and an extension in theatioseout-off
time); twice the number of members in the Ensemble of Data Assimildt®); weakly-coupled

data assimilation for sea-surface temperature in the tropics; consistéaitisfgpolation of the model
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to observation locations in trajectories and minimisations; use of the EDA toataldatobians in the
soil-moisture analysis.

In the use of observations:assimilation of the SMOS neural-network soil-moisture product;
assimilation of SSMIS-F17 satellite data at 150h GHz and GMI satellite deéé &Hz; improved use
of land/sea mask in the field of view for microwave imagers; introducfi@mer-channel observation
error correlations for ATMS and geostationary water-vapour channels; slantgleatiations for
geostationary radiances; usage of geostationary radiances at higher zeeith @ngistent infrared
aerosol detection.

In the model: improvements in the convection scheme (entrainment, CAPE closure, shallow
convection); activation of long-wave scattering in the radiation scheme;tBer than 2D aerosol
climatology; correct scaling of dry mass flux in the diffusion scheme; imprentai the tangent linear

and adjoint of the semi-Lagrangian departure point scheme in the polar-capesvgzgrametrization

for wind input and open ocean dissipation of the wave model; increase in the freqLirecgnsemble
radiation time step from 3 hours to 1 hour.

2.1.1 Data assimilation and observations

The continuous data assimilation scheme enables the use of later-arrivingtitnserand, crucially,
decouples the starting time of the assimilation calculations frorolikervational cut-off time. This
permits the beneficial introduction of an additional outer loop without affectelyery time. In
addition, the early-delivery assimilation window length has been increase@ froars to 8 hours, thus
ensuring that all observations that have arrived can be assimilated. For more sbdilsan et al.
(2019).

The number of EDA members has increased from 25 to 50. The computational ressuied are
roughly the same as before as a result of efficiency improvements. The incribeseumber of EDA
members improves the HRES analysis by providing better background error va@hcevariance
estimates. Furthermore, it is now possible to assign a unique EDA perturbation to eadtiefwecast
member, which makes the ensemble forecast members exchangeable. For more details ese. Lang
(2019).

In the newly developed oceaatmosphere weakly-coupled data assimilation, the atmospheric analysis
seasurface temperature in the tropics is taken from the ECMWF OCEAN5 near-reatiatysis,
rather than from the OSTIA product directly. This results in improveet&st scores for near-surface
temperature and humidity in the tropics compared to the analysis. For molg, deaithe article on
weakly coupled data assimilation by Browne et al. (2019).

For the surface analysis of soil moisture, the Simplified Extended Kalman FilteFjSteKcribed by

de Rosnay et al. (2013) has been significantly upgraded to improve computatiatiah@ffi by
computing its Jacobians directly from the EDA rather than with perturbelihear trajectories. This
reduces the SEKF computing cost, compared to previous IFS cycles, by more than a facteriof t

the operational HRES configuration. The EDA-Jacobian approach in the SEKF also erthances
coupling between the land and atmospheric assimilation systems by ensuring more dynatiaic Jacob
estimates than in the previous finite-difference approach.

Cycle 46r1 has introduced a package of changes to microwave all-sky assimilatidncllidiss the
assimilation of SSMIS-F17 satellite data at 150h GHz and GMI satellite data (vertical and horizontal
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polarisation radiances) at 166 GHz, which bring new information on humidityismadover tropical

and subtropical oceans, as well as improving the use of theskaadnask in the field of view for
microwave imagers. Each microwave observation has a footprint depending on its freffuense

the 10 GHz footprint for AMSR2 and GMI and the 19 GHz footprint for SSMIS-FOV to compute how
the landsea mask is affected by this footprint. This lesgh mask is more accurate than that used in
Cycle 45r1, which depends on the resolution of each loop.

Inter-channel observation error correlations have been introduced for ATM8esdtth, which results
in ATMS observations being assimilated, on average, with more weight. This Heedrasaignificant

and consistent improvements in the fit of the short-range forecasts used in the da@iaasiystem

(first-guess fit) to independent observations sensitive to temperature, tyuamdi wind, indicating

improved forecasts of these variables.

Similarly, inter-channel observation error correlations have been introduced ftatgesy satellite
water vapour channels, affecting SEVIRI (Meteosat Second Generation) and Addawdii)
instruments, to provide the best first-guess fit to water vapour channels on other instrisneelisas
impact at longer lead times.

A further upgrade to the use of geostationary radiances is to accouanfedgbaths within the radiative
transfer calculation. This change enables us to use data up to zenith angles of 7dfpribniag
coverage at the edges of the geostationary disks. This is particularlycsighifi the North Atlantic,
where prewusly a significant amount of Meteosat-10 data was not used.

In addition, the SMOS (Soil Moisture and Ocean Salinity) neural-network soil mastietkite product
is now assimilated along with the ASCAT level-2 surface soil moisture satellite product. The impact of
using SMOS neural network data and the EDA Jacobians on medium-range weeatastdas near
neutral. However, there is a small but significant improvement in 2-metre temperature forecasts in the
short range in the northern hemisphere.

2.1.2 Model changes

In Cycle 46r1, the ENS radiation time step has been reduced from 3 hours to dshiswalready the
case for the HRES. Forecast skill is improved almost everywhere as a resuttingp@ substantial
error reduction for 2-metre temperature forecasts. Much of the improvement can be attributed to the
faster coupling of radiation, clouds and the surface. Over tropical land areasttheean-square error

in low clouds has been reduced by as much as 15%. More frequent radiation updats avarall

cost increase in the operational ENS of only about 3%. This was made possibléécpase the new
radiation scheme introduced in IFS Cycle 43r3 (ecRad) is significantly cheaper than its predecessor

In addition, long-wave radiation scattering has been turned on in the radiation sehahdeads to a
slight warming of the surface and a reduction in the root-mean-squar@dropospheric temperature
forecasts of around 0.5%. A key innovation in the implementation is to represgnialve scattering
by clouds but to neglect it for aerosols (Hogan & Bozzo, 2018). This brirtgally all the benefits
whilst enabling several optimisations to be performed, such that thel @estadf the radiation scheme
when longwave scattering is included is very slightly reduced.

The 2D aerosol climatology used in the radiation scheme has been replaaedetwy 3D aerosol
climatology. This change has some positive impacts on lower tropospheric temperaturadsd w
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especially along coastlines affected by seasonal biomass burning interatttibgwridary layer clouds.
Bigger positive impacts can be seen in the stratosphere, where the root-mean-squask the
temperature field in the 5Q00 hPa layer near the summer pole decreases by 10% due to a similar
reduction in the temperature bias.

Changes in the convection scheme include an increase in test-parcel entrainmeattiarcéor the
denominator in the convective available potential energy (CAPE) closure (imgptbe tangent-linear
approximation); and, for shallow convection, a relative-humidity-dependent aae#orfr for
evaporation (previously a constant value).

A modification in the semi-Lagrangian advection scheme in tangent linear and adfbng results in
improving the departure-point calculation near the polar cap area. This wassadoding problem,
which has in the past occasionally given rise to instabilities.

The changes introduced in the land-surface scheme aim to minimise the occurrgpikesofn the
maximum 2-metre temperature. This was done by adjusting the wet-tile skin conductivity. This
modification partially solves the spike problem, lowering the frequency of itsrecce by almost half,

with a slightly positive net overall impact. In Cycle 46r1, the amount of rainctrarefreeze when
intercepted by the snowpack has been corrected, leading to improved handling of episodiestew
Previously, unphysical accumulations of snow in rainy conditions were locally observed during
wintertime.

A new wave physics parametrization for wind input and open ocean dissipatiorehampkmented

in Cycle 46rl. It is based on the work of Ardhuin et al. (2010) and on an impmentation in the
Météo-France version of the wave model code. Because the wave model is coupgeattimosphere,

the new configuration was set up to yield a similar level of feedback in theofa sea-state-dependent
Charnock coefficient. This yields slightly larger ocean surface roughness typical tropical wind
conditions than before. The main benefit of the changes is on the wave parametgradgaassing

the issue of overprediction of long swell energy and the small underestinmatiestorm tracks. Based

on new parametrizations developed by Peter Janssen (2017) and Augustus Janssen, theefreak wav
parameter calculation has been updated. The main impact is an enhanced probability of larger waves
shallow water compared to the old version.

2.2 Meteorological impact of the new cycle

IFS Cycle 46rl1 brings substantial improvements in forecast skill for bBESHFigure 1) and ENS
(Figure 2). Medium-range forecast errors in the extratropics are reduced5SBy for upper-air
parameters and by 08% for surface parameters. Improvements of this magnitude are seen in
verification against both the analysis and observations. In terms of lead tinee-aipipnprovements
amount to a gain of around-2 hours. In the tropics, HRES results are predominantly positive, but there
are some increases in temperature and humidity errors, mainly seen in verification againsgdtse anal
For temperature, these are due to changes in the analysis and the introduction ofatit@sg@D
climatology. ENS results in the tropics are also mixed. In addition tohthieges mentioned already,
they are affected by a minor reduction in spread (around 1%) due to changes ieptlterdection
scheme. Wave parameters (significant wave height and mean wave period) in the HREBcsei
substantially by 510% due to the upgrade in the ocean wave model. Increased wave activity leads to
some degradation in wave height at longer lead times in the ENS.
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Precipitation forecast skill increases in the extratropics by about 0.%% ENS and 1% in the HRES.
Other weather parameters, such as 2-metre temperature and 2-metre dewpoint, 10-metre wind speed and
total cloud cover improve by about 1% in the ENS, and byl084bin the HRES when verified against
observations. In the tropics, slightly reduced spread and increased bias lead tenaalle(§. 1-0.2%)
degradation in ENS precipitation. Scores in the tropics show strong improgefoeril-metre
temperature (48% against the analysis both in ENS and HRE3%.against observations in the ENS).
Tropical cyclone forecast skill is neutral overall, with a slight redudtidnack error, consistent with
improved winds in the tropics.

The extended-range impact of model changes associated with 46rl is neutral, exeegmialt
degradation of 2-metre temperature and precipitation skill scores irofhiest linked to a small, but
statistically significant, reduction of the ensemble spread. For thecakis, use of ERAS instead of
ERA-Interim as initial condition (from 46r1 onwards) gives significangrovements in weeks 1-2 in
the extratropics, and up to week 4 in the tropics (Figure 3

The new IFS cycle 46r1 will use the ERAS data to initialize the re-foreaadtsise ERAS EDA to
perturb the re-forecasts initial conditions.

3 Verification of upper-air medium-range forecasts

3.1 ECMWEF scores

Figure 4 shows the evolution of the skill of the high-resolution forecast of 500 hiPé tvg Europe

and the extratropical northern and southern hemispheres since 1981. Each point on the curvas shows t
forecast range at which the monthly mean (blue lines) or 12-month meaadcentthat month (red

line) of the anomaly correlation (ACC) between forecast and verifying siadblls below 80%. In
Europe, the 12-month running mean has reached 7 days in 2018, which is the highest value so far. This
is partly due to an increase in predictability in 2018, as seen in ERA5 scores (not showajlySimil

the northern hemisphere, the 12-month running mean in 2018 slightly exceegeevibas highest

value from 2016. Comparison with ERA5 indicates that northern hemispheric preiticteds similar

in the two years, and lower in 2017. In the southern hemisphere, the 12-moniiy mneain in 2018

has been lower than in 2016 due to a reduction in predictability. Howelative to ERA5, skill has
further increased since 2016.

A complementary measure of performance is the root mean square (RMS) error oé¢astfd-igure
5 shows RMS errors for both extratropical hemispheres of the six-day forecast gratsibtence
forecast. In both hemispheres, the 12-month running mean RMS error of the Kiredagt has reached
the lowest values so far.

Figure 6 shows the time series of the average RMS difference between fourregndaty (blue) and

six- and five-day (red) forecasts from consecutive days of 500 hPa forecastSuoepe and the

northern extratropics. This illustrates the consistency between successiV€ f@recasts for the same
verification time. Consistent with the decrease in RMS error (Figure 5)2theonth running mean of
this metric has reached its lowest value so far in both hemispheres.

The quality of ECMWF forecasts in the upper atmosphere in the northern hemisphatregzs is
shown through time series of temperature and vector wind scores at 50 hPa in Figowenward
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trends seen in recent years are continuing, and for wind speed (lower panel) 1 Bwesith running
average values so far have been reached. For temperature (upper panel) at day 5, valueghee still hi
than the minimum in 2003 due to a slightly larger bias in 2018 than in 2003.

The trend in ENS performance is illustrated in Figure 8, which shows the evolutioe afritinuous
ranked probability skill score (CRPSS) for 850 hPa temperature over Europe and thennorthe
hemisphere. At these relatively large lead times (around day 9)toygaar variations in atmospheric
predictability affect the score evolution more strongly than in the early meadinge. Values since
2016 have been generally higher than before 2016 (with the exception of the high-préegiptinid

in 2010), however on a yeto-year basis, no clear trend can be identified due to relatively large inter-
annual variations. It should be noted that cycle 46rl (implemented in June 2019) bringsialibstant
improvements for the ENS (Figure 2). However, the full effect on 12-montimgiaverage scores will
become visible only in 2020.

In a well-tuned ensemble system, the RMS error of the ensemble mean forecaktshawerage,
match the ensemble standard deviation (spread). The ensemble spread and ensemble-raean error
the extratropical northern hemisphere for last winter, as well as tkeetifie between ensemble spread
and ensemble-mean error for the last three winters, are shown in Figure foriB6thPa geopotential
height and 850 hPa temperature, forecasts show a good overall match between spread lemd8&0or
hPa temperature, the under-dispersion at longer lead times has been further rexlueeel; it has
increased in the early medium-range.

A good match between spatially and temporally averaged spread and error is a necesszna but
sufficient requirement for a well-calibrated ensemble. It should also be abbptore daye-day
changes, as well as geographical variations, in predictability. This can beedsssing spread-
reliability diagrams. Forecast values of spread over a given region and time greribthned into
equally populated spread categories, and for each bin the average error is determinedlldn a w
calibrated ensemble, the resulting line is close to the diagonal. Figure 10 and Figure Sprelaoiv
reliability plots for 500 hPa geopotential and 850 hPa temperature in the northetropids (top),
Europe (centre), and the tropics (bottom, in Figure 11 only) for differemaigmodels. Spread
reliability generally improves with lead time. At day-1 (left pandimecasts tend to be more strongly
under-dispersive at low spread values than at day-6 (right panels). ECMWF pesfelimsith its
spread reliability usually closest to the diagonal. The stars in the plots madvdtage values,
corresponding to Figure 9, and ideally should lie on the diagonal, and as closelylale pmtse lower
left corner. Also in this respect ECMWF usually performs best among the globalsmaitél the
exception of 850 hPa temperature in the tropics in the short range, wherpaheVizteorological
Agency (JMA) has the lowest error (although ECMWF has the better match betwweamdrspread).

To create a benchmark for the ENS, the CRPS is also computed for a ‘dressed’ ERAS forecast (replacing
ERA-Interim, which was used for this purpose in previous years). This allows bagdpdistinguish
the effects of IFS developments from those of atmospheric variability and psodutere robust
measure of ENS skill. The dressing uses the mean error and standard deviaggoretibus 30 days
to generate a Gaussian distribution around ERAS5. Figure 12 shows the evolutienrGRPS for the
ENS and for the dressed ERA5 over the last 12 years for temperature at 850 hRasitt dase5. In
both hemispheres, the skill of the ENS relative to the reference forecast isgialy above 15%. As
noted above, cycle 46rl1 (implemented in June 2019) brings further improvements for thenhiENS w
are, however, not yet visible in 12-month running averages.
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The forecast performance in the tropics, as measured by RMS vector etfwrsaafid forecast with

respect to the analysis, is shown in Figure 13. Both at 200 hPa and 850 hPa, errors have decreased
recently and reached (or are close to) their lowest values ever. Sconesd@peed in the tropics are
generally sensitive to inter-annual variations of tropical circulatistesys such as the Madden-Julian
oscillation, or the number of tropical cyclones.

3.2 WMO scores - comparison with other centres

The model inter-comparison plots shown in this section are based on the regular exchaongesof s
between WMO designated global data-processing and forecasting system (GDPFS) aderth&dAM
Commission for Basic Systems (CBS) auspices, following agreed standards of verification.

Figure 14 shows time series of such scores for 500 hPa geopotential heighbmhémrand southern
hemisphere extratropics. Different from previous years, 12-month running averagel gssa shorter
period, are shown to better identify recent inter-annual trends. Over thedass&yrors have decreased
for all models, while ECMWEF continues to maintain the lead.

WMO-exchanged scores also include verification against radiosondes. Figure 15 (Europe), and Figure
16 (northern hemisphere extratropics) showing both 500 hPa geopotential height and 850 hPa wind
forecast errors averaged over the past 12 months, confirm the leading perfornt0b8/dF medium-

range forecasts relative to the other centres when verified against observatithes.short range,
ECMWE’s lead is generally small (day 2), or essentially zero (day 1).

The WMO model intercomparison for the tropics is summarised in Figure 17idaton against
analyses) and Figure 18 (verification against observations), which show vector wind errorshida250
and 850 hPa. When verified against the centres’ own analyses, the JMA forecast has the lowest error in

the short range (day-2) while in the medium-range, both ECMWF and JMA are the leading imodel
the tropics. In the tropics, verification against analyses (Figure 17) is sensitive to detailsnafytbis a
method, in particular its ability to extrapolate information away from observétications. When
verified against observations (Figure 18), the ECMWF forecast has the smallest enreralin the
medium range.

4 Weather parameters and ocean waves

4.1 Weather parameters— high-resolution and ensemble

The supplementary headline scores for deterministic and probabilistic premipitaiecasts are shown

in Figure 19. The top panel shows the lead time at which the stable equitable error in prcipeaimidity
(SEEPS) skill for the high-resolution forecast for precipitation accumulated 23 hours over the
extratropics drops below 45%. The threshold has been chosen in such a way twaethreeasures the

skill at a lead time of-34 days. The centre panel shows the differences of this score between HRES and
ERA-Interim and between HRES and ERAS. The bottom panel shows the lead time at wGiRP 8fe

for the probability forecast of precipitation accumulated over 24 hours over thg@xics drops below

10%. This threshold has been chosen in such a way that the score measures the skill ateadeéd ti

7 days. Both scores are based on verification against SYNOP observations.

The deterministic precipitation forecast has reached its highestdieskill so far (red line in Figure
19). There is considerable variation in the score due to atmospheric variabisBhown by comparison
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with the ERA-Interim reference forecast (green line in Figure 19, top pamvethahe ERAS reference
forecast (light blue line in Figure 19, top panel). By taking the differenceebatthe operational and
ERA-Interim or ERAS5 scores, most of this variability is removed, and the effecbdel upgrades is
seen more clearly (centre panel in Figure 19). The nearly linear increasecsmttiedteach of the recent
model upgrades contributed to improvements in the extratropical precipitation forecast.

The probabilistic precipitation score (lower panel in Figure 19) shoarsgaterm improvement as well.
The peak at the end of 2015 was partly due to increased atmospheric variabilityhevkdene values
seen in 2018 are now more representative of the actual current level of skill.

ECMWEF performs a routine comparison of the precipitation forecast slEICMWF and other centres
for both the high-resolution and the ensemble forecasts using the TIGGE data aichihed
Meteorological Archival and Retrieval System (MARS). Results using these lsaaalline scores for
the last 12 months show both the HRES and ENS leading with respect to the otherEgnure<0).
ECMWEF’s probabilistic precipitation forecasts retain positive skill beyond day 9.

Trends in mean error (bias) and standard deviation for 2 m temperature, 2 m deafadicibud cover,

and 10 m wind speed forecasts over Europe are shown in Figure 21 to Figure iRdatider is
performed against synoptic observations received via the Global Telecommunication &E&m

The matching of forecast and observed value uses the nearest grid-point method. A standard correction
of 0.0065 K mt for the difference between model orography and station height is applied to the
temperature forecasts.

For 2 m temperature (Figure 21), the reduction in error standard deviation (upper curves) which started
around 2016, is continuing. The biases in 2 m temperature (lower curveshdwgeer not been
substantially reduced, except that the large annual variation of the nighbiém (blue curve) has
become slightly smaller in recent years. The increasingly pronounced negagive spring is under
investigation. Similar to 2 m temperature, 2 m dewpoint (Figure 22) shows a reductien esfor

standard deviation. Here, negative biases have been slightly reduced as well. Systematic errors in near-
surface parameters have been investigated in the USURF project (‘Understanding uncertainties in
surface-atrosphere exchange’), which has helped to identify the causes of some of these biases and

informed possible future model changes (Haiden et al., 2018; Schmederer et al., 2019).

For total cloud cover (Figure 23) both the error standard deviation and the biakittdh@ivange. For
wind speed (Figure 24) the error standard deviation has reached its lowesevahiassummer 2018.
There is no significant trend in the bias.

It is worth noting that the mean errors documented in Figure 21 to Figure 24 do not show the full range
of biases on the regional scale, due to compensation effects. For example, in wiatsr ahaositive
night-time bias in 2 m temperature of several K in northern Scandinavil, wlhe rest of Europe

there is a negative bias of 0.5-1 K. As a result of USURF, these issues dretteswnderstood, which

helps to address them in future model cycles.

ERAS (in the past, ERA-Interim) is useful as a reference forecastdddRES, as it allows filtering
out some of the effects of atmospheric variations on scores. Figure 25 shawslthi®n of skill at
day 5 relative to ERAS5 in the northern hemisphere extratropics for varjmper-air and surface
parameters. The metric used is the error standard deviation. Curves show 12umairth mean
values. Improvements in near-surface variables are generally smaller thsn fdnoupper-air
parameters, partly because they are verified against SYNOP, which impliesraregrasentativeness
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mismatch. Over the last year, values have been largely stagnant, howeverifuystogements are
expected to result from cycle 46r1 (not yet apparent in 12-month running averages).

The fraction of large 2 m temperature errors in the ENS has been adopted as an aBdibvd

headline score. An ENS error is considered ‘large’ in this context whenever the CRPS exceeds 5 K.

Figure 26 shows that in the annual mean (red curve) this fraction has decreased froréoaioobto

over the last 15 years, and that there are large seasonal variations, with valnésr imarie than twice

as high as in summer. Recent model upgrades, such as the resolution inc28&ée liave improved

this score both in summer and winter. In winter, there has been a continuous decrease of the fraction of
large errors from about 10% 10 years ago to about 7.5% in 2019, which amounts to adetatiase

of 25% over the last 10 years.

A similar measure of the skill in predicting large 10 m wind speed errors in tBesE¥own in Figure
27. Here, a threshold of 4 m/s for the CRPS is used, to obtain similar fraagiéoistemperature. As
for temperature, the 2016 resolution upgrade has resulted in a substantisdede€trd large error
fraction. The longer-term improvement shows a reduction of large wind speed errors-&¥%nto
about 4%.

4.2 Ocean waves

The quality of the ocean wave model analysis and forecast is shown in the compdhsodaependent
ocean buoy observations in Figl#& Recent errors in both 10 m wind speed and in the wave height
forecast are comparable to those of the last two years. The long-term tienafing performance

of the wave model forecasts is also seen in the verification against analysie (F%). Cycle 46r1
brings substantial improvements to the wave forecast (see Figure 1 andFigurieh are not yet
visible in the 12-month running averages.

ECMWF has become the WMO Lead Centre for Wave Forecast Verification and inehiscalects
forecasts from various forecast centres to verify them against buoy obmesvéin example of this
comparison is shown in Figure 30 for the 3-month period March-May 2019. For wave height, ECMWF
and Meteo-France (which uses ECMWF winds) generally lead other centres, while for peak period, the
MetOffice has a clear lead, possibly in part due to grid refinement near ashsts, most of the
measurements are made.

A comprehensive set of wave verification charts is available on the ECMWF website at

http://www.ecmwf.int/en/forecasts/charts

under ‘Ocean waves’. Verification results from the WMO Lead Centre for Wave Forecast Verification
can be found at

https://confluence.ecmwf.int/display/WLW/WMO+Lead+Centre+for+Wave+Forecast+Veofiedt
C-WRV

5 Severe weather

Supplementary headline scores for severe weather are:
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e The skill of the Extreme Forecast Index (EFI) for 10 m wind speed verified usingltire
operating characteristic area (Section 5.1)

e The tropical cyclone position error for the high-resolution forecast (Section 5.2)

5.1 Extreme Forecast Index (EFI)

The Extreme Forecast Index (EFI) was developed at ECMWF as a tool to provide eaihgsvéor
potentially extreme events. By comparing the ensemble distribution of a chosen \pasthester to

the model’s climatological distribution, the EFI indicates occasions when there is an increased risk of

an extreme event occurring. Verification of the EFI has been performed using synoptiatitser

over Europe from the GTS. An extreme event is judged to have occurred if the observation Beceeds t
95th percentile of the observed climate for that station (calculated from a movimglSaynple). The
ability of the EFI to detect extreme events is assessed using the relativengperatacteristic (ROC).

The headline measure, skill of the EFI for 10 m wind speed at forecast day-4 (3%ehHodr7296

hours ahead), is shown by the blue lines in Figure 31 (top), together with results for3laysl Hay-

5. Corresponding results for 24-hour total precipitation (centre) and 2 m sgmpdbottom) are shown

as well. Each plot contains seasonal values, as well as the four-season running mean, of ROC area skill
scores from 2004 to 2016; the final point on each curve includes the spring{Maxdlseason 2019.

For wind speed, the highest skill so far has been reached both in the seasonahoheatise 12-month
running average. For precipitation, the recovery from a drop in skill in 2018, whikHwe to a decrease

in predictability (as concluded from comparison with ERAS), is ongoing. For tempemR@€e skill

has reached a plateau in recent years, with some inter-annual variations.

5.2 Tropical cyclones

The tropical cyclone position error for the 3-day high-resolution fstégane of the two supplementary
headline scores for severe weather. The average position errors for thedulghion medium-range
forecasts of all tropical cyclones (all ocean basins) over the last teroif? periods are shown in
Figure 32. Errors in the forecast central pressure of tropical cyclonesarghalvn. The comparison
of HRES and ENS control (central four panels) demonstrates the benefit ofrieighlation for tropical
cyclone forecasts.

Both HRES and ENS position errors at day 5 (top and bottom panels, Figure 32) hagd thaitth
lowest values so far. Mean absolute errors of intensity and speed of the HRES laave further
decreased.

The bottom panel of Figure 32 shows the spread and error of ensemble forecasgticalf dyclone
position. For reference, the HRES error is also shown. The forecast was gamadelydispersive
before the resolution upgrade in 2010, but the spread-error relationship haseidhgince then.
Relative to the error, the spread has however decreased slightly more yeahicompared to the
previous year. The figure also shows that the HRES position and ENS position errory aneiler
in recent years.

The ensemble tropical cyclone forecast is presented on the ECMWF website as a strike probability: t
probability at any location that a reported tropical cyclone will passrwithO km during the next
240 hours. Verification of these probabilistic forecasts for the three latesvrit®-periods is shown in
Figure 33. Results show a small decrease in reliability compared to previous yearsdlpgqasistent
with the slightly smaller spread. Skill is shown by the ROC and the modified ROGttdreusing the
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false alarm ratio (fraction of yes forecasts that turn out to be wiastgad of the false alarm rate (ratio

of false alarms to the total number of non-events) on the horizontal axis. This reh®ue®gtence to
non-events in the sample and shows more clearly the reduction in false alarms in those cases where the
event is forecast. For both measures, skill has decreased in the 2019 season.

5.3 Additional severe-weather diagnostics

The symmetric extremal dependence index, SEDI (Annex A.4), is used to evaluate heawapoecipi
forecast skill of the HRES. Forecasts are verified against synoptic obsesvatigure 34 shows the
time-evolution of skill expressed in terms of forecast days for 24-hegrpitation exceeding 20 mm
in Europe. There has been a continuous improvement in recent years across ¢headntiine range
up to 10 days. As for precipitation forecast skill in general, the posifieet &f recent model upgrades
can be seen.

6 Monthly and seasonal forecasts

6.1 Monthly forecast verification statistics and performance

Figure 35 shows the probabilistic performance of the monthly forecast over theogitedtnorthern
hemisphere for summer (JJA, top panels) and winter (DJF, bottom panels) seaser&epiember
2004 for week 2 (days 128, left panels) and week 3+4 (days-32 right panels). Curves show the
ROC score for the probability that the 2 m temperature is in the ugpiof the climate distribution
in summer, and in the lower third of the climate distribution in winter. Tthsi® measure of the ability
of the model to predict warm anomalies in summer and cold anomalies in \Wintgeference, the
ROC score of the persistence forecast is also shown in each plot. Forecast skill for weelthatee
of persistence by about 10%, for weeks 3 to 4 (combined) by aboin 8##eks 3 to 4 (14-day period),
summer warm anomalies appear to have slightly higher predictability than wintdeammalies,
although the latter has increased in recent winters (with the exception of PQAR18, week 2 forecast
skill for summer warm anomalies was unusually high, but persistence wasitd$ogitest level within
the period shown. The corresponding week 3+4 forecast skill and persistence were also urgaert
end of values seen so far. Skill for winter cold anomalies in 2018 was ckgerége, however in week
2 there is an increasingly consistent margin relative to persistence in recent years.

Because of the low sign&t-noise ratio of real-time forecast verification in the extended raege, r
forecasts are a useful additional resource for documenting trends in skill. Bégsimews the skill of
the ENS in predicting 2 m temperature anomalies in week 3 in the northemtrapits. This is an
additional headline score of ECMWF which was recommended by the TAC Subgroup ocaVienfi
Verification against both SYNOP and ERA-Interim analyses shows that theteed@as substantial
increase in skill from 2005-2012, and little change (against analysis), and a sligrdasgeagainst
observations) thereafter. Note that the verification is based on a slidiyrgp2@iod, and is therefore
less sensitive to changes from year to year than the real-time foreglasttien but some sensitivity
remains, e.g. due to major El Nino events falling within, or dropping out of, the sliding period.

An evaluation of forecast skill from the medium to the extended range is tdrfarge-scale Euro-
Atlantic regimes and their effect on severe cold anomalies in Europe has b&eigiverranti et al.
(2018).

Technical Memorandum No0.853 11
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Comprehensive verification for the monthly forecasts is available on the ECMWF website at:

http://lwww.ecmwf.int/en/forecasts/charts
6.2 Seasonal forecast performance

6.2.1 Seasonal forecast performance for the global domain

The current version SEASS5 of the seasonal component of the IFS (implementecemiigo2017)

includes updated versions of the atmospheric (IFS) and interactive ocean (NEMO)anddasdisis the
interactive sea ice model LIM2. While re-forecasts span 36 years (from 1981 to 20té)dtexast

period used to calibrate the forecasts when creating products uses the more recent period 1993 to 2016.
Compared to the previous version, SEAS5 shows an improvement in SST drift, lgsimettia tropical

Pacific, and improvements in the prediction skill of Arctic sea ice.

A set of verification statistics based on re-forecast integrations$6AS5 has been produced and is
presented alongside the forecast products on the ECMWF website at

www.ecmwi.int/en/forecasts/charts

by choosing ‘Verification’ and ‘Seasonal forecasts’ under the header ‘Long Range’. A comprehensive
user guide for SEASS is provided at:

https://www.ecmwf.int/sites/default/files/medialibrary/2017-10/System5_guide.pdf

6.2.2 The 20172018 EI Nino forecasts

The year 2018 was characterized by a change from weakly negative to positisa@&dlies in the
eastern tropical Pacific. This transition was captured in the forgggate37, top row), with EUROSIP
and C3S giving a slightly better indication than ECMWF of the small magnitude tivp@siomalies

in summer 2018, with larger anomalies in the following months. However, the ECMWEdbigsued

in August predicted the further temporal evolution well, providing a significaatifower plume than
EUROSIP or C3S. Forecasts in consecutive seasons were quite good as well, wititiohsemithin

the ensemble spread for all three systems, although there was a slightfjerstendency in the
ECMWEF forecast compared to EUROSIP and C3S to overestimate the magnitude of the waalesnom
at longer ranges.

6.2.3 Tropical storm predictions from the seasonal forecasts

The 2018 Atlantic hurricane season had a total of 15 named storms including 8 huaizh@asajor
hurricanes. It was the third consecutive above-average and damaging seasam, adttumulated
cyclone energy index (ACE) of about 125% of the 12935 climate average (Figure 38). Seasonal
tropical storm predictions from SEASS indicated a below average level eityaciver the Atlantic

(ACE of about 50% (+/- 20%) of the 199015 climate average). Similarly, the number of tropical
storms (15) which formed in 2018 was above average (13) whereas the forecast [Bédittea range

from 6 to 10) tropical storms in the Atlantic (Figure 39). The following fotscéssued in July and
August, also predicted a below average season. This poor seasonal forecasdtyche elated to the
tendency for an overestimation of the amplitude of the 2018-19 EI-Nino (conducive to reduced tropical
cyclone activity over the North Atlantic) by SEASS.

The figure also shows that SEASS predicted average activity over the eagtier®&dfic, and above
average activity over the western North Pacific (ACE of about 120% of the 2A@BRclimate average).
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The 2018 Pacific typhoon season was an above-average season producing 29 storms, 13 typhoons, and
7 super typhoons, with an ACE about 20% above average, as predicted by SEASS. The edistern No
Pacific hurricane season was an above-average season with 19 named storms fmehdyber,

while SEASS predicted only 12.

6.2.4 Extratropical seasonal forecasts

Because of the lack of a strong EI Nino or La Nina signal, low seasonal predidtiveas likely in
2018. The pattern of 2 m temperature in the northern-hemisphere winter (DJF1201fas
characterized by strong warm anomalies in Europe, large parts of Siberia, akal Alggonounced
cold anomaly was present over Canada and the western United States. The haghwatitn anomalies
are a combination of the effect of global warming and inter-annual varialahity were captured
reasonably well by the seasonal forecast (Figure 40). However, anomaly patteunspe, as well as
the cold anomaly in Canada, were not correctly predicted.

Large parts of Europe experienced a very hot summer season in 2019. For the northern-hemisphere
summer (JJA 2019) the forecast predicted positive anomalies over Central andrSeutbpe, which

agreed with observationEigure 41). The forecast also qualitatively captured the small-scale negative
anomaly near Portugal and the fact that the positive anomalies would not extend ard.FAnlomalies

of both signs over the North Atlantic were also predicted quite welloMdigcrepancies between
forecast and analysis in the Northern Hemisphere occurred in western Canadathe model failed

to predict strong cold anomalies, and in northeast Siberia, where large amamualies were not
predicted.

In the tropics and the Southern Hemisphere, remarkable similarities betveekrtgat and analysed
anomalies can be seen in the Indian Ocean / Australian sector, while ov#atttie And Pacific sectors
there is less agreement.

Climagrams for Northern and Southern Europe for winter 2018-19 and summer 2Gtbwarein

Figure 42. Red squares indicate observed monthly anomalies. The sign of the forecast anomaly is often
predicted correctly, and the observations usually fall within the ensemble distribAtinotable
exception was the cold May in southern Europe (lower panels), where the observed aasaigide

the ensemble even at very short range (1 month).
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Extratropical northern hemisphere Extratropical southern hemisphere Tropics
Anomaly correlation/ RMS error/ Anomaly correlation/ RMS error/ Anomaly correlation/ RMS error/
SEEPS Std. dev. of error SEEPS Std. dev. of error SEEPS Std. dev. of error
Level Forecast day Forecast day Forecast day Forecast day Forecast day Forecast day
Parameters thPa) [1]2]3[als|6[7]s]ofol1]2]5]4]5]6]7]8]o]ral1]2]3]4]5]6]7[8]a]o 1]2]3]4]5]6]7]8]ofiol1]2]3]4]5]6]7]8]olio[1]2]5]4]5]6]7[8]s]r0
100 NAMAAAAAAA | AAAAAAAAAA AAAAANNAS NAAAAAAAAAA
’ 250 NAAAAAAAAA(AAAAAAAAAAL AAAANAAANS|AMAAA \AAAA
Cespclontia 500 NAAMAAAAAA |\ AAAAAAAAA L AAAAAAAANS
|/ AMAAAAANA| AAAAAAAAA AAAAANNN
Mean sea level pressure AAAAAAAN, AAAAAAAAA \ AAAAANAN
100 AAAAAA/ AAA(AAAAAAAAAA|AAAAA A/ N, |ALAAAAAAAAA|A TUVYVYYVYT AAAAAAAAAA
250 AAAAAAAN/ |(AAAAAAA AAAAAAAAAA|AAAANN AAN A TYVYYVYYY
Temperature 500 AAAAAAAAAA (AAAAAAAAAA|AAAAAAN/ /" A|lALAAAAAA AA| V¥ A AAAAA AAVAY)
VV/AAAAAAAA(Y AAAAAAAAIYY /AAAAAA|YY AAAAAAA|ITYYYYYYY LA A A A A A A
V AAAAAAAA(VVAAAAAAAA| AAAAAAAAA|V AAAA AA/|AAAAAAAAAA(Y FAVAVAVAY §
2| 2m temperature AAAAAAAAAA (AAAAAAAAAA| AAAAAAAAA|VY AAAAAAA |AAAAAAAAAA(AAAAAAAAAA
:% Y Y P Y Y Y Y Y Y A Y YYY YV YV VIV VY AAN
AAAAAAAAAALA AAAAAAAAAA AAAAA A AN AAAAAAA AA| /. i
Wind AAAAAAAAAA (AAAAAAAAAA AAAAAAAAAA AAAAAAAAAA \
| asasasar/|rasssassanlassssaaars|asanaarsrnnlvey Yy A
PAMAAAAM | AAAAAAAAAA AAAAAAAAAL |AAAAAAAAALAL AAAAAAAAAA
10 mwind AAAAAN AAAAAAAAAA AAAANN AAAAAAAAAA| TV AAAAAAAAAA
250 AAAAAAAA A(YYYYYVVVVY ALAAAAAAAAA|YYYYYYYYYY| VU UV YYYYYVYVYYYY
S MLy I AAAAAANNS| AAAAAAAAA AAAAAAAAL /N|AAAAAAAAAA(YYYYY A AYAY) AN
10 mwind at sea AAAAA AAAAAAAAAA|AAAANN AAAAAAAAAA AAAAAAAAAA
Significant wave height AAAAAAAAAA (AAAAAAAAAA|AAAAAAAAAAL|AAAAAA v NIYYYYYY
Mean wave period AAAAAAAAAA (AAAAAAAAAA|AAAAAAAAAA|AAAAAAAAAL  |AAAAAAAAAAL Yvy
100 VYVYVU AAAAA [V AAAAAAAA|YYY VYU AAAAAA
250 AAAAANANN ANl DA V. AAA AA
Geogotet! 500 AAAAAA AlAAAAAAANAAA] AAAA AAAAN/A
AAAAAS AAAAA AANIY S A A VoA ALAA
100 AN ANAAN A(AAAAAAAAAA|AA A AAAMN, AA AN v AAAAAA AAA
250 AAAAAS A |AAAaar A |AAAA AM[AaAn AANA v TVYVY
i 500 AAAAAAA N AA(AAAAAAA AA| AN \ AAAL AN A A TVIVYVY
AAAAAAAN NlaAaadaan/a i A
12 | 2m temperature ALAAAAAAAA A
E 100 AAAAA N AAA (AAAAAAAAAN |/ ANAN FAN FAY WAV W WANRFANN F WV W Yl AAAA
fg Wind 250 AAAAANN AN|AAAAAAN A AAAAf AAAAA FYVVY AAAAN
500 AAAAAAA A AAAAAAAA AA|AAAANN AAAAAN A AN AL A AAA AA
AAAAAAN AAAAAAANANINAAAN AAAAN AN A £ FAVAY
10 mwind AAAAAANANAN AAAAANN AAAAAAAAAA
250 AAL ANA A v AAAAAAA
Relative humidity T v | Y YU ; A = ;
2 m dew-point YV AAAAAAA ¥ YYVYYVYVY
Total cloud cover AAAAAA A 7
24 h precipitation AAAAAN v AL A Al
Significant wave height AAAAAAAAN A ANNA "AAAAANA

Symbol legend: for a given forecast step...

A 4611 better than 45r1 statistically significant with 99.7% confidence
* 46r1 better than 45r1 statistically significant with 95% confidence
46r1 better than 45r1 statistically significant with 68% confidence
no significant difference between 45r1 and 46r1
46r1 worse than 45r1 statistically significant with 68% confidence
7 46r1 worse than 45r1 statistically significant with 95% confidence
v 46r1 worse than 45r1 statistically significant with 99.7% confidence

Figure 1: Summary score card for IFS Cycle 46r1. Score card for HRES cycle 46r1 versus cycle 45r1 verified by
the respective analyses and observations at 00 and 12 UTC for 690 forecast runs in the period June 2017 to
June 2019. Yellow colouring indicates that symbols refer to the second score indicated at the top of the column.
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Extratropical northern hemisphere Extratropical southern hemisphere Tropics
EM RMS ermor CRPS EM RMS error (RPS EM RMS error (RPS
Level Forecast day Forecast day Forecast day Forecast day Forecast day Forecast day
Parameter (hPa) wHsH5]eEris]q|m|u|u|n§mlﬁ 1}z[1Hs|a|7‘a|y]mlnlulubolls 1|z|3HsIa[:lslsEm|n|u|u|u|1s w|z]zMs[sHs|9|1u‘11|u|ufu||s 1HaHsHilaiylmlniululnlls w|z]zHslelr}alelm}mlnl
100 AAAAAAAAAAA AL AAAARMAAAARA AN AAAAAAAAAAAAAAAAAAAAAAMAARAAMAN
; 250 [AAAAAAAAAANAS NAAAAAAAAAAAAS VAAAAAAAAAAS AAAAAAAAAAAS
Gl 500 [AAAAAAAAAAL AAAAAAAAAAAAAL [AAAAAAAAAAL AAAAAAAAALL
m |AAAAAAAAAAL AAAAAAAAAA AN AAAAAAAA AAAAAAAAND
Mean sea level pressure [AAAAAAAAAAN AAAAAAAAAA AAAAAAAA AAAAAAAAAA
00 AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAMAAAMAAMAAAMAAMAAMAMAAMAAMAAMAAMMAAMAMA AAAAAAAAAAMAAAMM " AAAAAAAAAAAAAA|
= 250 [AAAAAAAAL AAAAAAAAAAN AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAMAAMAAA AAAALAA
500 AAAAAAAAAAAN \AAAAAAAAAAAAAAAAAMAAAAAAAAAAAN /[AAAAAAAAAAAAL I 2
i ’m' AAAAAAAAAL NN SAAAAAAAAMAN AN AAAAAAAAAAAAAAAAAAAAAAAAAAAAAYYYYYYYYYY, YYYYYYYYYYY
%‘ 100 AAAAAAAAAAAAALA Al AAAAAAAAAAAAAAAAAAAAMAAMAAAALMAAMAAAMALAALAAAMAl A A
= 20 [AAAAAAAAAAA AAAAAAAAANA AAAAAAAAAAL AAAAAAAAAAA/
Mndsp&-d 500 AAAAAAAAAAANAYL |AAAAAAAAAAANSY,, AAAAAAAAAAA Y YYYYYYYYYas 4 ) A A
& '{AAAAAAAA:‘:,’E AAAAAAAAS [AAAAAAAA AAAAAAAALS A A
00 | ¥ T AAAAAAAAAAA A A AAAAAAAAAAAAYYYYYYYVYVVVVYVY[YYYVVVVVVYVYVVY
Relatiwhumnﬂty m [AAAAAAAANS A AAAAAAANS AAAAAAAAAAAAAAAL| AAAAAAAAAAAAAA] YYYYYVYYYYYYYVYVYY
1m temperalure AAAAAAAAAALS A\ |AAAAAAAAAAAAAAA(MAAAAALMAAAAAAAAJAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
10m wind at sea Y Y Y N Y Y P YV VYV PV VY VVYYYYYYYVYYY
Significant wave height FTYYVYYYYYY TUVAAAAAAA UYVVAAAAAA VVVVVVVV[AhAAAL VVVVVVVV[AAAAAAA YVl
Mean wave period AAAAAAAL AAAAAAAAL A AAAAAAAA A AAAAAAYL YYYYYYYVYYYYYYYY vvY|
00 (Y7 AAAA/ YV fAa vYvy YYYYYy TYVY
20 [VAAAAAA Al AMAAAALAA A AV AAAAAAA A YV AAAAA
Gepitenta 500 [AAAAAAAAL AAAAAAAAAAA \AAAAAAAL A AAAAAAL
(850 |AAAAAAAA/ FAAAAAAANL AAAAAAL [V AAAAAA
00 AAAAAAAAAAAAAAAMAAAAAAAAAAAAAAl AAAAAAAAAAAAAA] AAAAAAAAAAAAAA[AAAAAAAAAAAAAAAMAAAAAAAAAAAAAA
L 20 AAAAAAAAAAAA ANAAAAAAAAALL A |AAAAAAAAAAAAAAA[AAAAAAAAAAAAAAAlAAAAALS "AAAAAAAAAA AAAAAA
500 [AAAAAAAAAAL MAAAAAAAAAAA/ AAAAAAAAAAAA/AA, [AAAAAAAAANAAL | VYYVYYVYYY VA vYvvvvvwy
(850 |AAAAAAAAALL AAAAAAAAAAL AAAAAAAANL YYYYYY Y Yy FYYYYYYYYYYY
100 AAAAAAAAA/ YYYYYY VY AAAAAAAAANS A | AAAAAAAAAL vy
250 [AAAAAAA AAAAAAA/ AAAAAAALL AAAAAAANL A n A UYYVYVYYYYVYYYY
i speed 500 AAAAAAAAL AAAAAAAAAL RIYYYYYYYY AAAAAAAAA N a V.
(850 |AAAAAANL YYYYYY) IYYYYYVY AAAAAAL/ I\ AAALA v b
200 AAAAAAAAAAAAAAAIAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA[AAAAAAAAAAAAAAA[AA
Resthe humidy 700 JAdAdAL’ AAAAAL’ DAAAALL AAAAALA A YOYYY UYVVYVYY[L vvvvvvvvvYYYYy
2m temperature AAAAAAAAAAAAAAS AAAAAL AAAAAAAAAAAAAAAL
2m dew-point AAAAAAAAAAAAAAY AAAAAAAAL 7V
Total cloud cover AAAAAAAA AAANA AAALAAAAL AA rYVYy A
10m wind AAAAAAAAA AAAAAAAA/AL AAAAAAAAAAAAAAAL
24h precipitation AAAALALL AANA aa v
Significant wave height [AAAAAA//AAL A [AAAAAAAAAAL v

Symbol legend: for a given forecast step...

A

A

46r1 better than 45r1 statistically significant with 99.7% confidence
46r1 better than 45r1 statistically significant with 95% confidence

46r1 better than 45r1 statistically significant with 68% confidence
no significant difference between 45r1 and 46r1

46r1 worse than 45r1 statistically significant with 68% confidence

" 46r1 worse than 45r1 statistically significant with 95% confidence

46r1 worse than 45r1 statistically significant with 99.7% confidence

Figure 2: Summary ENS score card for IFS Cycle 46r1. Score card for ENS cycle 46r1 versus cycle 45r1 verified
by the respective analyses and observations at 00 UTC for 282 ENS forecast runs in the period June 2017 to

June 20109.
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Figure 3: Improvements in the skill of reforecasts in the extended range from the use of ERAS as initial condition
(operational from 46rl onwards). Columns show score differences for weekly means in the Northern
Extratropics and the Tropics. Size of circles shows magnitude of difference, colour indicates statistical

significance.
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Figure 4: Primary headline score for the high-resolution forecasts. Evolution with timtheof500 hPa
geopotential height forecast performaneeach point on the curves is the forecast range at which the monthly
mean (blue lines) or 12-month mean centred on that month (red line) of éikagbanomaly correlation (ACC)
with the verifying analysis falls below 80% for Europe (top), northern hemrispéxtratropics (centre) and
southern hemisphere extratropics (bottom).
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Figure 5: Root mean square (RMS) error of forecasts of 500 hRaotgdial height (m) at day 6 (red), verified
against analysis. For comparison, a reference forecast made by perdtstirapalysis over 6 days is shown
(blue). Plotted values are 12-month moving averages; the last point on the @ufeeshe 12-month period
August 2018July 2019. Results are shown for the northern extra-tropics (top)ttendouthern extra-tropics
(bottom).
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Figure 7 Model scores for temperature (top) and wind (bottom) in the northern extiedtagratosphere. Curves
show the monthly average RMS temperature and vector wind error at Sortdree-day (blue) and five-day (red)
forecasts, verified against analysis. 12-month moving average scores asha'go (in bold).
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Figure 8 Primary headline score for the ensemble probabilistic forecasts. Evolution withofirB80 hPa
temperature ensemble forecast performance, verified against analysis. Each pthiataumves is the forecast
range at which the 3-month mean (blue lines) or 12-month mean centtedt month (red line) of the continuous
ranked probability skill score (CPRSS) falls below 25% for Europe,(tomthern hemisphere extratropics
(bottom).
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Figure 9 Ensemble spread (standard deviation, dashed lines) and RMS &ansemble-mean (solid lines) for
winter 20182019 (upper figure in each panel), and differences of ensemble spre&iVeh@rror of ensemble
mean for last three winter seasons (lower figure in each panel, negative valieseanspread is too small);
verification is against analysis, plots are for 500 hPa geopotential &n@d)850 hPa temperature (bottom) over
the extratropical northern hemisphere for forecast days 1 to 15.
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Figure 10: Ensemble spread reliability of different global models for 500 hPa geopdtmtihe period August
2018-July 2019 in the northern hemisphere extra-tropics (top) and in Europe ifijofibo day 1 (left) and day 6
(right), verified against analysis. Circles show error for different valuespoéad, stars show average error-
spread relationship. Due to random outages in the data supply, NG&&scare based on a significantly reduced
data set (50%).
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Figure 11: Ensemble spread reliability of different global models for 850 hPa temperature for the period August
2018—July 2019 in the northern hemisphere extra-tropics (top), Europe (centre), and the tropics (bottom) for day
1 (left) and day 6 (vight), verified against analysis. Circles show error for different values of spread, stars show
average error-spread relationship. Due to random outages in the data supply, NCEP curves are based on a
reduced data set (60%).
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Figure 12: CRPS for temperature at 850 hPa in the northern (top) and southern (bottom) extratropics at day 35,
verified against analysis. Scores are shown for the ensemble forecast (red) and the dressed ERAS forecast (blue).
Black curves show the skill of the ENS relative to the dressed ERAS forecast. Values are running 12-month
averages. Note that for CRPS (red and blue curves) lower values are better, while for CRPS skill (black curve)

higher values are better.
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Figure 13: Forecast performance in the tropics. Curves show the monthly average Rid6wiad errors at
200hPa (top) and 850 hPa (bottom) for oday (blue) and five-day (red) forecasts, verified against analysis. 12-
month moving average scores are also shown (in bold).
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Figure 14: WMO-exchanged scores from global forecast centres. RMS error of 500 hPaeg¢iapbeight over
northern (top box) and southern (bottom box) extratropics. In eachhsoupper plot shows the two-day forecast
error and the lower plot shows the six-day forecast error of modelinitieged at 12 UTC. Each model is verified
against its own analysis. JMA = Japan Meteorological Agency, CMC = Canadi@orological Centre, UKMO

= the UK Met Office, NCEP = U.S. National Centers for Environmental Prediction, Météuc&rddWD =

Deutscher Wetterdienst.
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Figure 15: WMO-exchanged scores for verification against radiosondes: 500 hPa hejghaid 850 hPa wind
(bottom) RMS error over Europe (annual mean August-2D§ 2019) of forecast runs initiated at 12 UTC.
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Figure 16: As Figurel5 for the northern hemisphere extratropics.
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Figure 17: WMO-exchanged scores from global forecast centres. RMS vector wind error ies #0250 hPa
(top box) and 850 hPa (bottom box). In each box the upperpdetssthe two-day forecast error and the lower
plot shows the six-day forecast error of model runs initiated at 12 UT¢h Ewdel is verified against its own

analysis.
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Figure 18: As Figurel? for verification against radiosonde observations.
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Figure 19: Supplementary headline scores (red) for deterministic (top, centre) and probabilistic
(bottom) precipitation forecasts. The evaluation is for 24-hour total precipitation verified against
synoptic observations in the extratropics. Curves show the number of days for which the centred 12-
month mean skill remains above a specified threshold. The forecast day on the y-axis is the end of
the 24-hour period over which the precipitation is accumulated. The green and light blue curves in
the top panel show the deterministic headline score for ERA-Interim and ERAS, respectively. The
centre panel shows the difference between the operational forecast and ERA-Interim (blue), and
between the operational forecast and ERA5 (yellow).
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Figure 20: Comparison of precipitation forecast skill for ECMWF (red), the Met OfficeMOKblue), Japan
Meteorological Agency (JMA, magenta) and NCEP (green) using thdesugmary headline scores for
precipitation shown in Figur&9. Top: deterministic; bottom: probabilistic skill. Curves show the skill computed
over all available synoptic stations in the extratropics for forecasts fromsa@fi8-July 2019. Bars indicate
95% confidence intervals.
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Figure 21: Verification of 2 m temperature forecasts against European SYNOP data @iTth for 60-hour
(night-time, blue) and 72-hour (daytime, red) forecasts. Lower pliturves shows bias, upper curves are
standard deviation of error.
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Figure 22 Verification of 2 m dew point forecasts against European SYNOP datahenGlobal
Telecommunication System (GTS) for 60-hour (night-time, blue) and 7Zetaytime, red) forecasts. Lower pair
of curves shows bias, upper curves show standard deviation of erro
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Figure 23 Verification of total cloud cover forecasts against European SYNOPatathe GTS for 60-hour
(night-time, blue) and 72-hour (daytime, red) forecasts. Lower @lagurves shows bias, upper curves show
standard deviation of error
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Figure 24: Verification of 10 m wind speed forecasts against European SYNtaRodahe GTS for 60-hour

(night-time, blue) and 72-hour (daytime, red) forecasts. Lower @iagurves shows bias, upper curves show
standard deviation of error.

Technical Memorandum No0.853 35



S ECMWF Evaluation of ECMWF forecast

== 500 hPa Geopotential

8 { == 850 hPa Temperature
== MSL Pressure
s 2 m Temperature
61 s 10 m Wind speed
=== Total cloud cover
X
& B
N
=
w27
o ;
+ £
S0 :
]
L
g, 5
.a‘_-)
—4 4
—6-
-8

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Figure 25: Evolution of skill of the HRES forecast at day 5, expressed as relative skill compared to ERAS.
Verification is against analysis for 500 hPa geopotential (Z500), 850 hPa temperature (T850), and mean sea level
pressure (MSLP), using error standard deviation as a metric. Verification is against SYNOP for 2 m temperature
(T2M), 10 m wind speed (V10), and total cloud cover (TCC).
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Figure 26: Evolution of the fraction of large 2m temperature errors (CRPS>5K) in the ENS at forecast day 5 in

the extratropics. Verification is against SYNOP observations. 12-month running mean shown in red, 3-month
running mean in blue.
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Figure 27: Evolution of the fraction of large 10m wind speed errors (CRPS>4m/s) in the ENS at forecast day 5 in
the extratropics. Verification is against SYNOP observations. 12-month running mean shown in red, 3-month
running mean in blue.
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Figure 28: Time series of verification of the ECMWF m0wvind forecast (top panel) and wave model forecast
(wave height, bottom panel) verified against northern hemisphere buoy observEti@ssatter index is the error
standard deviation normalised by the mean observed value; a three-monihgrumean is used.
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Figure 29: Ocean wave forecasts. Monthly score and 12-month running mear) @§odCC for ocean wave
heights verified against analysis for the northern (top) and southern exiesr (bottom) at day 1 (blue), 5 (red)
and 10 (green).
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Figure 30: Verification of forecasts of wave height and peak wave period (upper pasielg)abservations from
wave buoys (lower panels). The scatter index (Sl) is the stan@aidtion of error normalised by the mean
observed value; plots show the SI for the 3-month period March-May 20M0OUKIet Office, UK; METFR:
Météo-France; BoM: Bureau of Meteorology, Australia; JMA: Japan Meteorologhcgncy; KMA: Korea
Meteorological Administration; ECCC: Environment and Climate Change Cana¢lJIEE: ECMWF cycle
46rl. Providing model intercomparison plots is part of ECMWEF ’s verification activities as the WMO Lead Centre
for Wave Forecast Verification.
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Figure 31: Verification of Extreme Forecast Index (EFI) against analysis. Tomlpakill of the EFI for 10m

wind speed at forecast days 1 (first 24 hours) to 5 (24-hour p86et20 hours ahead); skill at day 4 (blue line)
is the supplementary headline score; an extreme event is taken as an tidaserxeeeding 95th percentile of
station climate. Curves show seasonal values (dotted) and four-seasungumean (continuous) of relative
operating characteristic (ROC) area skill scores. Centre and bottom panelstiBb@guivalent ROC area skill

scores for precipitation EFI forecasts and for 2 m temperature EFI forecasts.
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Figure 32 Verification of tropical cyclone predictions from the operational high-resolutiod ansemble
forecast. Results are shown for all tropical cyclones occurring globatly2imonth periods ending on 31 May.
Verification is against the observed position reported via the GTS. Top panel supplgnteadline score the
mean position error (km) of the three-day high-resolution forecast. Theferrday 5 is included for comparison.
Centre four panels show mean error (bias) in the cyclone intensity (differenceebefwrecast and reported
central pressure; positive error indicates the forecast pressure is less deephtserved), mean absolute error
of the intensity and mean and absolute error of cyclone motion speed forecfaecast both by HRES and ENS
control. Bottom panel shows mean position error of ensemble mean (meatiooksyforecast by ensemble
members) with respect to the observed cyclone (orange curve) and ensemble(s@aacf distances of
ensemble cyclones from the ensemble mean; red curve); for comparison the HRES grosr (from the top
panel) is plotted as well (blue curve).
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Figure 33: Probabilistic verification of ensemble tropical cyclone forecasts at day lihfiee 12-month periods:
July 2016-June 2017 (green), July 204June 2018 (blue) and July 204Rine 2019 (red). Upper panel shows
reliability diagram (the closer to the diagonal, the better). The lower panel showsh&efttandard ROC diagram
and (right) a modified ROC diagram, where the false alarm ratio is usteiad of the false alarm rate. For both
ROC and modified ROC, the closer the curve is to the upper-left corner, the bettetjrigdiggreater proportion
of hits, and fewer false alarms.
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- SEDl for 24-h Precipitation >20mm, Extratropics
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Figure 34: Evolution of skill of the HRES forecast in predictingl2grecipitation amounts >20 mm in the extra-
tropics as measured by the SEDI score, expressed in terms of forecasVelifysation is against SYNOP
observations. Numbers on the right indicate different SEDI thresholds usedsGinwe 12-month running
averages.
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Figure 35: Verification of the monthly forecast against analysis. Area under the ROC fourtre probability
that 2 m temperature is in the upper third of the climate distribution in summerafidp the lower third in
winter (bottom). Scores are calculated for each three-month season for alptant in the extra-tropical
northern hemisphere. Left panels show the score of the operational monthly forecasteng fer forecast days
12-18 (7-day mean), and right panels for forecast days32914-day mean). As a reference, lighter coloured
lines show the score using persistence of the preceding 7-day or 14-day pehiedovecast.

Reforecasts verification
RPSS_D, 2m temperature, NHem Extratrop (>30N)

e—e against observations
#—a against analyses

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Figure 36: Skill of the ENS in predicting weekly mean 2m temperature anomalies (terciles) in week 3 in the
northern extratropics. Verification against own analysis shown in blue, verification against SYNOP observations
shown in red. Verification metric is the Ranked Probability Skill Score.
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Figure 37. ECMWF (left column), EUROSIP multi-model (centre column) and Coperditosmte Change
Service (C3S, right column) multi-model seasonal forecasts of SST anomalisedMéNO 3.4 region of the

tropical Pacific from (top to bottom rows) May 2018, August 2018, idbee 2018 and February 2019. The red
lines represent the ensemble members; dotted blue line shows the subsequent verification.
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Figure 38: Time series of accumulated cyclone energy (ACE) for the Atlantic tropical storm seasons July-
December 1990 to July-December 2018. Blue line indicates the ensemble mean forecasts and green bars show
the associated uncertainty (+1 standard deviation); red dotted line shows observations. Forecasts are from
SEASS5 of the seasonal component of the IFS: these are based on the 25-member re-forecasts; from 2017 onward

they are from the operational 51-member seasonal forecast ensemble. Start date of the forecast is 1 June.
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Figure 39: Tropical storm frequency forecast issued in June 2018 for the six-month pelgeDecember 2018.
Green bars represent the forecast number of tropical storms in each ocear{dresgmble mean); orange bars
represent climatology. The values of each bar are written in black underneathlatkebhrs represent +1
standard deviation within the ensemble distribution; these values are indicated bl¢heumber. The 51-
member ensemble forecast is compared with the climatology. A Wilcoxon-Mann-Whitngy) féatlis then
applied to evaluate if the predicted tropical storm frequencies are significantly diffesemtHe climatology. The
ocean basins where the WMW test detects significance larger than 90% have a skadealibd.
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ECMWF Seasonal Forecast System 5

Mean 2m temperature anomaly DJF 2018/19
Forecast start is 01/11/18, climate pendod is 1993-2016

Shaded areas signilicant al 10% leval
Ensembie size = 51, climate size = 600

Salid cantour at 1% level

B-<20°c 2010 (1005 []-050 [ |NeSignal[ Jo.os5 [Hos..o o200 [-2o0c

180" E 1507 W 1207 W 90" W B0 W 30w G°E 30°E s0°E o4 E 120°E 150°E

nE

92

A
y
)

B

Figure 40: Anomaly of 2 m temperature as predicted by the seasonal forecast from No2&h®dor DIJF

2018/19 (upper panel), and verifying analysis (lower panel). Black coniothe analysis indicate regions where
anomalies exceed 1.5 standard deviations.
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ECMWF Seasonal Forecast System 5
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Figure41: Anomaly of 2 m temperature as predicted by the seasonal forecast frondMafo2 JJA 2019 (upper

panel) and verifying analysis (lower panel). Black contours in the asalydicate regions where anomalies
exceed 1.5 standard deviations.
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Figure42 Long-range forecast of 2 m temperature anomalies from November 2018 f@OD3HA9 (left panels)

and from May 2019 for JJA 2019 (right panels) for northern (o southern Europe (bottom). The forecast is
shown in purple, the model climatology ded¥eom the System-5 hindcasts is shown in grey, and the analysis in
the 24-year hindcast period is shown in yellow and orange. The lifitiie purple/grey whiskers and yellow band
correspond to the 5th and 95th percentiles, those of the purple/greyndaxange band to the lower and upper
tercile, and medians are represented by lines. The verification from operational anabtsesiisas a red square.
Areal averages have been computed using land fraction as a weighteintorgolate temperature variations
over land.
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Appendix A: Scores used in this report

Al Deterministic upper-air forecasts

The verifications used follow WMO CBS recommendations as closely as po&iblkes are computed

from forecasts on a standard 1.5 x 1.5 grid (computed from spectral fields with Uiition) limited

to standard domains (bounding co-ordinates are reproduced in the figure inner cagditms)is the
resolution agreed in the updated WMO CBS recommendations approved by the 16th WMO Congress
in 2011. When ther centres’ scores are produced, they have been provided as part of the WMO CBS
exchange of scores among GDPS centres, unless stated otheeagsevhen verification scores are
computed using radiosonde dafig(re 15), the sondes have been selected following an agreement
reached by data monitoring centres and published in the WMO WWW Operational Newsletter.

Root mean square errors (RMSE) are the square root of the geographical avetagemfared
differences between the forecast field and the analysis valid for the saméeWinen models are
compared, each model uses its own analysis for verification; RMSE for vFiigdee(L5, Figurel7?) are
computed by taking the root of the sums of the mean squared errors for the two compahemntsnaf
independently.

Skill scores are computed as the reduction in RMSE achieved by the model with i@geesistence
(forecast obtained by persisting the initial analysis over the forecast range); in mizthicierans:

RMSE;
SS=100+*(1—

2
RMSEZ

Figure 4 shows correlations in space between the forecast anomaly and the verifying analysis anomaly.
Anomalies with respect to ERA-Interim analysis climate are available atVi#ERom early 1980s.
For ocean waves(gure29) the climate has been also derived from the ERA-Interim analyses.

A.2 Probabilistic forecasts

Events for the verification of medium-range probabilistic forecasts are usuaiediefs anomalies
with reference to a suitable climatology. For upper-air parameters, the climatevési desm ERA-
Interim analyses for the 20-year period 1:98308. Probabilistic skill is evaluated in this report using
the continuous ranked probability skill score (CRPSS) and the area under relativangperat
characteristic (ROC) curve.

The continuous ranked probability score (CRPS), an integral measure of the gl#tiey forecast
probability distribution, is computed as

CRPS = f ; [Pr(x) — Po(0)] dx

where Py is forecast probability cumulative distribution function (CDF) dfdis analysed value

expressed as a CDF. CRPS is computed discretely following Hersbach, 2000. CRRes$asnputed
as
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CRPS

CRPSS =1———
CRPS jim

whereCRPSim is the CRPS of a climate forecast (based either on the ERA-Interim aoalybserved
climatology). CRPSS is used to measure the long-term evolution of skill of the IFS engaguindety(
and its inter-annual variabilityr{gure12).

ROC curves show how much signal can be gained from the ensemble forecast. Althaghakied
forecast can be characterised by a unique false alarm (x-axis) aateHi-axis), ensemble forecasts
can be used to detect the signal in different ways, depending on whetlierettest user is more
sensitive to the number of hits (the forecast will be issued, even ifigeblamall number of members
forecast the event) or of false alarms (one will then wait forge lproportion of members to forecast
the event). The ROC curve simply shows the false alarm and hit rates assodiatee wlifferent
thresholds (proportion of members or probabilities) used, before the fdsisasied Kigure33). Figure

33 also shows a modified ROC plot of hit rate against false alarm redictigh of yes forecasts that
turn out to be wrong) instead of the false alarm rate (ratio of falsmsata the total number of non-
events).

Since the closer to the upper left corner (0 false alarm, 100% hitsgtiee, the area under the ROC
curve (ROCA) is a good indication of the forecast skill (0.5 is no dkil, perfect detection). Time
series of the ROCA are shownHigure35.

The comparison of spread and skfligure 9to Figure11) takes into account the effect of finite ensemble
size N by multiplying spread by the factor (N+1)/(N-1).

A.3  Weather parameters

Verification of the deterministic precipitation forecasts is made usingetivty developed SEEPS score
(Rodwell et al., 2010). SEEPS (stable equitable error in probability space) usesategories: dry,
light precipitation, and heavy precipitation. Here “dry” is defined, with reference to WMO guidelines

for observation reporting, to be any accumulation (rounded to the nearest O.hanhis)léss than or
equal to 0.2nm. To ensure that the score is applicable for any climatic region, the “light” and “heavy”
categories are defined by the local climatology so that light precipitationsd@dae as often as heavy
precipitation. A global 30-year climatology of SYNOP station observationssesl (the resulting
threshold between the light and heavy categories is generally between 3 and fdb Eumope,
depending on location and month). SEEPS is used to compare 24-hour accumulations denived fr
global SYNOP observations (exchanged over the Global Telecommunication System;itB Vajues
at the nearest model grid-point. 1-SEEPS is used for presentational puRimsesq, Figure20) as this
provides a positively oriented skill score.

The ensemble precipitation forecasts are evaluated with the CRig8® 19, Figure20). Verification
is against the same set of SYNOP observations as used for the deterministic forecast.

For other weather parameteFg(ire21 to Figure24), verification data are European 6-hourly SYNOP
data (area boundaries are reported as part of the figure captions). Model data are intespsttted t
locations using bi-linear interpolation of the four closest grid popntsyided the difference between
the model and true orography is less than 500 m. A crude quality control isdajgpSYNOP data
(maximum departure from the model forecast has to be less than 25 K, 20 glignus for
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temperature, specific humidity and wind speed respectively). 2 m temperatures arteaddoec
differences between model and true orography, using a crude constant lapse rgigaspuovided
the correction is less than 4 K amplitude (data are otherwise rejected).

A 4 Verification of rare events

Experimental verification of deterministic forecasts of rare events is performedthsisgmmetric
extremal dependence index SEBiglire34), which is computed as

logF —logH — log(1 — F) + log(1 — H)

SEDI =
logF + logH + log(1 — F) + log(1 — H)

whereF is the false alarm rate amtlis the hit rate. In order to obtain a fair comparison between two
forecasting systems using SEDI, the forecasts need to be calibrated (Ferro andsStep2@l1).
Therefore, SEDI is a measure of the potential skill of a forecast systemder to get a fuller picture

of the actual skill, the frequency bias of the uncalibrated forecast can be analysed.

References

Ardhuin, F., E. Rogers, A. Babanin, J.-F. Filipot, R. Magne, A. Roland, A. van der Wssit P.
Queffeulou, J.-M. Lefevre, L. Aouf & F. Collard, 2010: Semi-empirical dissipatimurce
functions for windwave models: part |, definition, calibration and validatioRhys. Oceanogr.,
40 (9), 19171941.

de Rosnay, P., M. Drusch, D. Vasiljevic, G. Balsamo, C. Albergel & L. Isaksen, 20digplified
Extended Kalman Filter for the global operational soil moisture analysis at ECMWR.Q
Meteorol. Soc., 139, 1199213, doi:10.1002/qj.2023.

Ferranti, L., L. Magnusson, F. Vitart and D.S. Richardson, 2018: How far in advance cadiot pr
changes in large-scale flow leading to severe cold conditions over Europe? Q.tk&oMe
Soc, 144doi:10.1002/qj.3341.

Ferro, C.A.T. and D.B. Stephenson, 2011: Extremal dependence indices: improved verification
measures for deterministic forecasts of rare binary events. Wea. Fore@&tie@o-713.

Haiden, T., I. Sandu, G. Balsamo, G. Arduini and A. Beljaars, 2018: Addressing biasassuarfece
forecastsECMWF Newsletter No. 157, 20-25.

Hersbach, H., 2000Decomposition of the Continuous Ranked Probability Score for Ensemble
Prediction System\Vea. Forecastind.5, 559-570.

Hogan, R.J. & A. Bozzo, 2018: A flexible and efficient radiation scheme for the EENddel. J.
Adv. Modeling Earth Sys., 10 (8), 199008, doi:10.1029/2018MS001364.

Janssen, P. 2017: Shallow water version of the freak wave warning system. ECMWF Technical
Memorandum No. 813.

Lang, S., E. HGIm, M. Bonavita & Y. Tremolet, 2019: A 50-member Ensemble of Datailasisins.
ECMWF Newsletter No. 158, 229, doi:10.21957/nb251xc4sl.

Technical Memorandum No0.853 53



S ECMWF Evaluation of ECMWF forecast

Lean, P., M. Bonavita, E. H6lm & T. McNally, 2019: Continuous data assimilation for thE GRBWF
Newsletter No. 158, 226, doi:10.21957/9pl5fc37it.

Rodwell, M. J., D.S. Richardson, T.D. Hewson and T. Haiden, 2010: A new equitable score suitable for
verifying precipitation in numerical weather predictigh.J. R. Meteorol. Soc136, 1344-1363.

Schmederer, P., I. Sandu, T. Haiden, A. Beljaars, M. Leutbecher, and C. Becker, 2019susz-of
site observations to evaluate near-surface temperature forecasts. ECMWF Newsletter 3&. 161,
38.

54 Technical Memorandum No.853



