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Accurate predictions of extreme weather events are important for the society, economy and environment 
of regions affected by such events. In this paper, we report the development and testing of a suite of 
prototype ensemble-based early warning products for extreme weather events, which are now 
quasi-operationally available at http://tparc.mri-jma.go.jp/TIGGE/tigge_extreme_prob.html. The early 
warning products are based on operational medium-range ensemble forecasts from four of the leading 
global numerical weather centres: the European Centre for Medium-Range Weather Forecasts (ECMWF), 
the Japan Meteorological Agency (JMA), the United Kingdom Meteorological Office (UKMO) and the 
National Centers for Environmental Prediction (NCEP) in the USA. In the products, the forecast 
probability of the occurrence of extreme weather events, including heavy rainfall, strong winds and 
extreme high/low temperatures, is defined based on each model’s climatological probabilistic density 
function. 

Several case studies have demonstrated the ability of the products to successfully predict extreme events, 
including Hurricane Sandy in 2012, the Russian heatwave in 2010 and the 2010 Pakistan floods. The 
construction of a grand ensemble by combining four single-centre ensembles can improve the forecast 
reliability regarding probabilistic forecasts of extreme events, up to a lead time of + 360 hr, especially 
with respect to high surface wind speeds. Thus, these early warning products may aid the reliable 
detection of extreme weather events far enough in advance to help mitigate the associated catastrophic 
damage, especially in developing countries. 
	  
Introduction	  

THe Observing system Research and Predictability EXperiment (THORPEX) [WMO et al. 2005] is a 
10-year international research and development programme organised by World Meteorological 
Organization (WMO) to accelerate improvements in the accuracy of one-day to two-week forecasts of 
high-impact weather events for the benefit of society, the economy and the environment. THORPEX has 
been quasi-operationally providing 10 global ensemble forecast datasets through the TIGGE (THORPEX 
Interactive Grand Global Ensemble) [Bougeault et al., 2010] data portals for non-commercial research 
purpose only, with a 2-day delay, since October 2006. Accurate predictions of extreme weather events, 
including heatwaves, cold outbreaks, heavy rainfall and floods, tropical and extratropical cyclones, the 
Madden–Julian Oscillation (MJO), and atmospheric blocking, are of great importance for the populations, 
economy and environment of regions affected by these events. It might be expected that the grand 
ensemble method using TIGGE is a more effective approach to the advance detection of extreme weather 
events than the single-centre method. 
 
Methodology	  

We have developed prototypes of ensemble-based early warning products for extreme weather events 
using operational medium-range ensemble forecasts from four of the leading global NWP centres: 
ECMWF, JMA, NCEP and UKMO. These products estimate the occurrence probabilities of heavy rainfall, 
high surface wind speeds and extreme high/low surface temperatures, and are now quasi-operationally 
available at http://tparc.mri-jma.go.jp/TIGGE/tigge_extreme_prob.html, together with the other 



quasi-operational TIGGE products at http://tparc.mri-jma.go.jp/TIGGE/index.html [e.g., synoptic-scale 
charts of the 500 hPa geopotential height, MJO, blocking and ensemble prediction system (EPS) 
meteograms]. 
 

In this study, forecast probability of the occurrence of an extreme weather event is defined as the 
fraction of the ensemble members that predict higher or lower values than the specified each model’s 
climatological percentile to ensemble size. In a similar way, the multi-centre grand ensemble provides a 
summarised pattern of occurrence probabilities from the single-centre ensembles. The each model’s 
climatological percentiles are estimated for each calendar day and forecast lead time using all ensemble 
members in each EPS within a 31-day time window centred on that day. The ensemble members between 
October 2006 and January 2011 are used for the estimation of the percentiles. In the quasi-operational 
products, extreme events are also defined based on the 99th, 90th, 10th, 5th and 1st climatological percentiles 
(the 10th, 5th and 1st percentiles are used only for extreme cold surface air temperature).  A similar 
approach was adopted with regard to the observational data; i.e., climatological PDFs were estimated from 
both the ECMWF Reanalysis (ERA)-Interim (Dee et. al. 2011) and Global Satellite Mapping of 
Precipitation system (GSMaP, Aonashi et. al. 2009) data with a 31-day time windows covering the periods 
from January 1979 to December 2010, and from January 2007 to February 2012, respectively. An 
observed extreme weather event is defined as occurring when the observed data exceeds or falls below the 
specified climatological percentile of the observed PDF (in this case, the 95th percentile). 
 
Hurricane	  Sandy	  (2012) 	  

The tropical storm that 
would develop into 
Hurricane Sandy formed in 
the Caribbean Sea on 22nd 
October 2012 and moved 
northward parallel to the 
eastern seaboard of the 
USA. On the 29th October, 
an upper-level trough over 
the eastern USA steered the 
storm directly towards the 
New Jersey coast, an 
unusual track for a tropical 
cyclone. Hours before 
landfall, Sandy began to 
lose tropical characteristics, 
and the storm made landfall 
near Atlantic City, New 
Jersey as it was 
transitioning from a tropical 
cyclone to an extratropical 
cyclone. At landfall, 
post-tropical storm Sandy 
had a central minimum 
pressure of 946 hPa and 
sustained winds of about 35 
m/s, with tropical storm 
force winds extending up to 
800 km from the centre of 

Figure 1 Occurrence probabilities of extreme surface wind speeds 
(shading) for Hurricane Sandy generated by the (a) multi-centre grand 
ensemble, (b) ECMWF EPS, (c) JMA EPS, (d) NCEP EPS, and (e) 
UKMO EPS, initialised at 1200 UTC 23rd October 2012, and valid at 
1200 UTC 29th October 2012. Contours in (b–e) indicate predicted 
SLP in each control run. (f) Observed extremes (shading) and SLP 
(contours). The hatching in (a–e) indicates observed extremes in (f). 
 



the storm. Impacts across the USA included a record-breaking storm surge along the densely populated 
northeast corridor, widespread wind damage, coastal and inland flooding, blizzard conditions in the 
Appalachians, and power outages for over 8 million households. Over 100 fatalities were confirmed due to 
Sandy in the USA, mostly in New Jersey and New York (State of the Climate Global Hazards, available at 
http://www.ncdc.noaa.gov/sotc/). 

 
Figure 1 shows the predicted occurrence probabilities of extreme surface wind speeds from +6-day 

forecasts initialised on 1200 UTC 20th October 2012 (Fig. 1a–e), and the observed extreme surface wind 
speeds (Fig. 1f). Sandy generated extreme winds offshore from, and along the eastern seaboard of the USA 
(Fig. 1f). Hurricane predictions are sensitive to various factors (e.g., initial and boundary conditions, and 
the numerical model used), and the best approach to the accurate prediction of hurricane tracks and their 
intensities remains an open question. The ECMWF members accurately captured the observed location of 
Sandy, whereas the JMA, NCEP and UKMO members tended to show northward, south-eastward and 
small eastward biases in its location, respectively (Fig. 2). Consequently, Sandy was highly predictable 
from the ECMWF and UKMO ensembles. The ECMWF and UKMO ensembles predicted the occurrence 
of extreme surface wind speeds with a high probability (>70%; Fig. 1b, e). The multi-centre grand 
ensemble provides a summarised pattern of occurrence probabilities from the single-centre ensembles (Fig. 
1a). Most extremes of surface wind speed were detected in advance by the grand ensemble with a 
probability of >50% (Fig. 1a). However, each of the single-centre ensembles shows a different pattern of 
occurrence probabilities, leading to lower occurrence probabilities in the grand ensemble. The grand 
ensemble provides higher occurrence probabilities over areas where all of the single-centre ensembles 
show consistently high occurrence probabilities (e.g., around 33°N, 75°W). 
 
Russian	  heatwave	  (2010) 

In the summer of 2010, 
the Euro-Russian blocking 
high persisted for more than 
a month, producing an 
intense heatwave over 
eastern Europe and western 
Russia. Extremely high 
temperatures of around 40°C 
were recorded in many cities 
(e.g., 38.9°C in Gomel, 
Belarus at 52.2°N, 30.6°E; 
39°C in Moscow, Russia at 
55.5°N, 37.4°E; and 42.2°C 
in Jaskul, Russia at 46.1°N, 
45.2°E) [Barriopedro  et. al. 
2011; Matsueda 2011]. The 
heatwave over Russia 
resulted in more than 15,000 
deaths and caused severe 
economic losses due to 
damage to crops such as 
wheat. More than 600 
wildfires resulted in smog levels that were five to eight times higher than normal, leading to widespread 
illness [Gilbert 2010; State of the Climate Global Hazards]. 

 
Figure 2 illustrates the predicted occurrence probabilities of extremely high surface air temperatures for 

Figure 2 As for Fig. 1, but for extreme high surface air temperatures 
(shading) and 500 hPa geopotential height (contours). The forecasts 
were initialised at 1200 UTC 2nd August 2010, valid at 1200 UTC 7th 
August 2010. 
 



the +5-day forecasts initialised on 1200 UTC 2nd August 2010 (Fig. 2a–e) and the observed surface air 
temperatures (Fig. 2f), which were extremely high over eastern Europe and western Russian. Each 
single-centre ensemble predicted the extreme temperatures fairly well, with high probabilities, especially 
on the western side of the blocking high (Fig. 2a–e). They do, however, show somewhat different patterns 
of occurrence probabilities, mainly over the northern and western sides of the block. NCEP accurately 
predicted the extreme temperatures around 30°–40°E, with the highest probability of >90%. JMA showed 
a larger northward shift of high probabilities than did the other centres, leading to a failure to predict an 
occurrence of extreme temperature around 50°–60°N, 50°–70°E. The grand ensemble (Fig. 2a) shows high 
occurrence probabilities of >70% around the centre of the high. Although the grand ensemble gave high 
probabilities of >90% over only limited areas, due to the probability differences among the single-centre 
ensembles, it was found that the grand ensemble captured the areal extent of the extreme temperatures, 
except around 50°N, 50°E.  
 
Pakistan	  floods	  (2010)	  

The Pakistan floods that 
occurred along the entire 
length of the Indus River 
between 29th July and 26th 
August 2010 were the worst 
in the country’s history. It is 
reported that about 20 
million people were directly 
affected, and millions 
suffered from water-borne 
diseases, as well as a lack 
of food, drinking water and 
shelter. In addition, the 
flood inundated about 130 
million hectare of croplands, 
seriously damaging the 
cotton, sugarcane, rice and 
wheat crops [Akthar 2011]. 
Some studies have 
indicated that the 
downstream trough of the 
Euro-Russian blocking high 
induced this catastrophic 
flooding [Hong et al. 2011; 
Galarneau et al. 2012; Lau 
and Kim 2012; Martius et al. 2012]. 

 
Figure 3 shows the predicted occurrence probabilities of extreme 24-hr precipitation for the +7-day 

forecasts initialised on 1200 UTC 21st July 2010 (Fig. 3a–e), and the observed precipitation (Fig. 3f) that 
fell along the Indus River, and led to the catastrophic flooding. NCEP accurately predicted the occurrence 
of extreme precipitation over Pakistan, with high probabilities of >90% (Fig. 3d), whereas the other centres 
only captured the areal extent of the extreme precipitation, and with lower probabilities (Fig. 3b, c, e). 
NCEP also predicted the extreme precipitation over some regions of Pakistan with high probabilities of 
>70%, even in the +10-day forecast, initialised on 1200 UTC 18st July (not shown). The extreme 
precipitation over Pakistan was highly predictable using the NCEP ensemble. The ensemble size of NCEP 
is the smallest used here, leading to a reduced warning of the extreme precipitation in the grand ensemble 

Figure 3 As for Fig. 1, but for extreme 24 hr precipitation (shading) 
and SLP (contours) during the 2010 Pakistan flood. The forecasts 
were initialised at 1200 UTC 21 July 2010, valid between 1200 UTC 
27th and 1200 UTC 28th July 2010. 
 



(Fig. 3a). The grand ensemble provides some warning of extreme rainfall over the downstream reaches of 
the Indus River, with high probabilities of between 50% and 90%. 
 
 
Verification:	  reliability	  diagram	  for	  probabilistic	  forecasts 

The early warning 
products were verified 
using a reliability 
diagram (Wilks et. al. 
2011). Reliability is an 
essential property of 
probabilistic forecasts, 
and the most 
transparent way to 
illustrate the 
performance and 
characteristics of a 
probabilistic forecast 
system is the 
reliability diagram 

 
Figure 4 shows the 

reliability diagrams 
for probabilistic 
forecasts of extreme 
surface wind speeds 
over the globe during 
the TIGGE period. All 
of the single-centre 
ensembles tend to 
underestimate the low 
risks, but overestimate 
the high risks, in terms 
of extreme surface 
wind speeds, even 
with a lead-time of 
+72 hr. The 
single-centre 
ensembles are 
overconfident. The ECMWF ensemble is much more reliable than the other single-centre ensembles for all 
lead times, although the ECMWF ensemble has a smaller number of forecasts with probabilities of >70%. 
The UKMO ensemble shows the second best performance in terms of the forecast reliability. 

 
The grand ensemble has a greater forecast reliability than the ECMWF ensemble, except when the 

lead-time is +72 hr, when the grand ensemble approaches the diagonal, but is under-confident due to an 
underestimation of high risks, suggesting a forecast skill similar to the ECMWF ensemble. With a 
lead-time of +120 hr the grand ensemble plots almost diagonally, except for forecasts with a probability of 
100%. The grand ensemble is, however, still overconfident for the lead-times of +216 hr and +360 hr. The 
reason that the grand ensemble improves forecast reliability may be because the single-centre ensembles 
generally overestimate high risks. A particular centre does not always show the best performance in 

Figure 4 Reliability diagrams for the (a–e) +72 hr, (f–j) +120 hr, (k–o), +216 hr, 
and (p–s) +360 hr forecasts of extreme surface wind speeds between 90°S and 
90°N from June 2007 to August 2012. The x-axis is the predicted probability 
and the y-axis is the observed frequency of events. The frequency of forecast 
probabilities is represented by the coloured circles. The colour changes reflect 
the sample size of the forecasts. When the forecast probabilities agree with the 
frequency of events for a particular probability, the distribution should lie along 
a 45° diagonal line. In such a case, the probability is considered to be reliable. 
 



predicting extreme events, as in Figs 1, 2 and 3. The best performing ensemble is case dependant. Even if 
particular centres show high occurrence probabilities of extreme wind on a grid point, the other 
single-centre ensembles do not always show similarly high probabilities on the same grid point. The other 
single-centre ensembles can reject the high occurrence probabilities from particular centres. Therefore, 
when most centres are in good agreement on the occurrence of extreme winds, with high forecast 
probabilities, the grand ensemble also shows high occurrence probabilities, leading to an improvement in 
the forecast reliability and a reduction in the number of forecasts with high forecast probabilities. 

 
The grand ensemble also shows improved forecast reliabilities for extreme surface air temperature and 

precipitation at all lead times compared with the single-centre ensembles, although the grand ensemble is 
still somewhat overconfident even with lead times of +72 and +120 hr (not shown).  
 
Conclusions	  

We have considered the development and testing of prototype ensemble-based early warning products 
for heavy rainfall, high surface wind speeds, and extreme high/low temperatures. Some projects have 
already begun to use these products (e.g., the Severe Weather Forecasting Demonstration Projects over 
Southern Africa, South-western Pacific and Southeast Asia and the La Plata Basin Project), and the 
WWRP/THORPEX Polar Prediction Project also intends to use them.  

 
The construction of grand ensembles from single-centre ensembles can improve the forecast reliability 

of probabilistic forecasts of extreme weather events, up to a lead-time of +360 hr. The improvement is 
more pronounced for probabilistic forecasts of extreme surface wind speed. The grand ensemble provides 
more reliable forecasts than single-centre ensembles, although the grand ensemble is still overconfident, 
especially for lead times greater than +216 hr. Although the grand ensemble has a smaller number of 
forecasts with a high occurrence probability of extreme events compared with the single-centre ensembles, 
the better forecast reliability of the grand ensemble indicates that we can trust the predicted occurrence of 
extreme events when the grand ensemble shows high probabilities. The best performing ensemble is case 
dependant. At present, we are unable to determine in advance which forecasts will be more accurate, but 
the grand ensemble method could offer an improved approach to the advance detection of extreme weather 
events. 

 
Extreme weather events are expected to occur more frequently in the future due to global warning 

[IPCC 2007], and many people may suffer the catastrophic impacts of such events. We hope that these 
products may help to improve the detection reliability of extreme weather events, and so avoid some of the 
associated impacts, especially in developing countries where NWP is unfamiliar to the public and more 
extensive damage is likely. 
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