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Abstract 
 

Accurate predictions of precipitation are essential for many life activities. In this study, 
we aim to assess the skill of a stochastic weather generator (SWG) to forecast 
precipitation in several cities of Western Europe. The SWG is based on random sampling 
of analogues of the geopotential height at 500 mb. The SWG is evaluated for two 
reanalyses (NCEP and ERA5). 

We simulate 100-member ensemble forecasts on a daily time increment. We evaluate the 
performance of SWG with forecast skill scores. Results show significant positive skill 
score (CRPSS and correlation) for lead times of 5 and 10 days for different areas in 
Europe. 
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Introduction 
Weather forecast was made to provide useful information to decision-makers. Providing 

weather forecasting at different time scales is a key component to mitigate the impacts of 

extreme weather events. It allows to elaborate adequate strategies for mitigation and 

development in several sectors such as agriculture, water management and urban 

construction. Short and medium-term forecasts can be useful for decisions, nevertheless, 

information derived from the sub-seasonal range could help to implement additional 

measures in advance. The sub-seasonal time range lies between the medium term daily 

weather forecast and the seasonal. For this purpose, we aim through this study to assess 

the skill of a stochastic weather generator (SWG) to forecast precipitation in several 

locations in Europe. The SWG is based on random sampling of analogues of the 

geopotential height at 500 mb. In fact, combining stochastic generator and analogs has 

shown results in the field of ensemble weather forecast (Horton, 2019; Yiou and 

Déandréis, 2019). Indeed, the influence of large-scale circulation on local climate 

variables has been confirmed in previous studies such as the influence of atmospheric 

circulation on precipitation in the Eastern Mediterranean Basin and in Greece (Türkes et 

al., 2002; Xoplaki et al., 2000). Similar influences have been found on precipitation and 

temperature in the North Atlantic region (Jézéquel et al., 2018b). This has motivated the 

use of analogs of atmospheric circulation to forecast ensemble weather. In fact, analog 

forecasting is a non-parametric technique introduced by Lorenz (1969) and applied for 

weather forecasting (Delle Monache et al., 2013). This method assumes that similar 

situations in atmospheric circulation may lead to similar local weather conditions 

(Lorenz, 1969). It consists of identifying similarities of atmospheric circulation 

conditions from the past to the current observations. Weather analog has been applied to 

forecast precipitation (Blanchet et al., 2018), temperature (Yiou and Déandréis, 2019), 

and snowfall (Nicolet et al., 2019). 
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Thus, SWGs are statistical tools to simulate ensembles of trajectories. They were 

developed and used to estimate the probability distributions of climate variables such as 

temperature, solar radiation, and precipitation through extensive simulations (Richardson, 

1981). They represent a good solution for weather prediction as they can be calibrated for 

small spatial scales comparing to numerical models (Ailliot et al., 2015). This explains 

their wide applications in impact studies. 

 In this report, we explain further the methodology applied and the results found. This 

deliverable is part of a paper that was submitted recently (Krouma et al., submitted to 

Geosci. Model Dev.). 

Methodology 
The methodology is based on computing analogs of the atmospheric circulation and 

simulating precipitation using the stochastic weather generator. We started first by 

collecting and assessing data. 

1. Data. 
The daily precipitation data was obtained from the European Climate Assessment and 

Data (ECAD) project (Klein Tank et al., 2002) for different locations in western Europe 

(Berlin, Madrid, Orly, Toulouse, De Bilt, Brest), which are subject to various 

meteorological influences (Figure 1). The data were available at a daily time step from 

1948 to 2019. The choice of those stations was based on the availability of a large and 

common period of observations with a low rate of missing data (less than 10%). 

We recovered the geopotential height at 500 hPa fields from the reanalysis of the National 

Centers for Environmental Prediction (NCEP: (Kistler et al., 2001)) with a spatial 

resolution of 2.5° x 2.5° from 1 January 1948 to 31 December 2019. 

We also used the atmospheric reanalysis (version 5) of the European Centre for Medium-

Range Weather Forecasts (ECMWF) (ERA5; Hersbach et al. (2020)). ERA5 data are 

available from 1979 to present with a horizontal resolution of 0.25° x 0.25°. We used 

different sources of reanalyses for verification purposes. Moreover, we computed analogs 
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over different geographic domains as showed in Figure 1 for the computation of analogs, 

and we choose an optimized region to compute circulation analogs for the different 

studied areas, which covers 30°W – 20°E and 40°– 60°N.  

 
Figure 1. Domains of computation of analogs, we computed analogs over different 
domains, each one includes a part of the Atlantic and focus on a part of Western Europe, 
in order to test the sensitivity of our model to different geographic areas. 

2. Computing analogs of the atmospheric circulation 
In this work, we start first by building a database of atmospheric circulation analogs. The 

procedure of Yiou and Déandréis (2019) is used as follow: For a given day t, the similarity 

of the average of Z500 is determined for all days t0 that are in a different year than t, but 

within 30 calendar days of t. This similarity is quantified by a Euclidean distance (or 

square root) between the daily maps of Z500. For each day t, we have chosen K = 20 best 

analogues with the smallest distance. We calculate the spatial rank correlation between 

the best analogs of the Z500 and the Z500 at time t for post-verification purposes. 
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We consider a time embedding of 4 days to search of analogs dates. This means that the 

field X(t) for which we compute analogs is X(t) = (Z500(t) ; Z500(t+1) ; … ; Z500(t+3)). 

This ensures that temporal derivatives of the atmospheric field are preserved (Yiou et al., 

2013). Hence the distance that is optimized to find analogs of the Z500(x; t) field is: 

𝐷(𝑡, 𝑡%) = [∑ (∑ |𝑍500(𝑥, 𝑡 + 𝑖) − 𝑍500(𝑥, 𝑡% + 𝑖)|)2]4/26
789:                                          (1) 

where x is a spatial index. 

3. Configuration of stochastic weather generator 
As detailed by (Yiou and Déandréis, 2019), the stochastic weather generator (SWG) we 

use is based on a random reshuffling of circulation analogs. For a given day t0 we perform 

an ensemble of simulations until a lead time t0 + T, with T in {5, 10, 20} days. In order to 

go from t in [𝑡9	, 𝑡9 + 𝑇] to 𝑡 + 1, we sample one analog (out of K=20) at day t, with 

weights on the calendar day of the analogs and excluding samples that are in [𝑡9	, 𝑡9 + 𝑇], 

so that this procedure reflects a hindcast forecast from t0 . This procedure is iterated from 

𝑡 = 𝑡9		to		𝑡 = 	 𝑡9 + 𝑇 to generate one trajectory. It is then repeated N=100 times to 

generate an ensemble of daily trajectories starting at t0 . Each daily trajectory is time 

averaged between t0  and t0 +T.  

For each day t0 , we also compute  persistence and climatological forecasts for the average 

between 𝑡9		and		𝑡9 + 𝑇. The persistence forecast consists in using the average value 

between 𝑡9 − 𝑇	and		𝑡9. The climatological forecast takes the climatological average 

between 𝑡9		and		𝑡9 + 𝑇. Both "control" forecasts are randomized by adding a small 

Gaussian noise, whose standard deviation is estimated by bootstrap over T long intervals. 

Hence we generate ensembles of persistence and climatological forecasts that are 

consistent with observations (Yiou and Déandréis, 2019). 

4. Forecast Verification 
Forecast verification is the process of determining the statistical quality of  the forecasts. 

A wide variety of ensemble forecast verification procedures exists. They involve 

measures of the relationship between a set of forecasts and corresponding observations. 
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To assess the quality of precipitation forecasts, we compute indicators such as the 

Correlation and Continuous Rank Probability Skill Score (CRPSS) for each lead time T, 

for different seasons and months. The temporal rank correlation is calculated between the 

precipitation observations and the median of 100 simulations. This simple diagnostic is 

often used to assess forecast skills of indices (Scaife et al., 2014). The continuous ranked 

probability score (CRPS) represents the most used score for probability forecast 

verifications (Ferro, 2007). It is sensitive to the distance between forecast and observation 

probability distributions. If the ensemble forecast yields a probability distribution P(x), 

the CRPS measures how is the probability distribution of x (Hersbach, 2000). 

The CRPS is computed as: 

𝐶𝑅𝑃𝑆	(𝑃, 𝑥G) = ∫ (𝑃(𝑥)IJ
KJ − 𝑃G(𝑥))²𝑑𝑥                                                                       (2) 

where Pa represents the Heaviside function of the occurrence of x.  

The decomposition and properties of the CRPS have been investigated by (Ferro, 2007; 

Hersbach, 2000; Zamo and Naveau, 2018). A perfect forecast would have a CRPS equal 

to 0, but the CRPS value obviously depends on the units of the variable to forecast. It is 

hence difficult to compare CRPS values for temperature and precipitation, within the 

same ensemble forecast. This issue is also acute for non-Gaussian variables with heavy 

tails (Zamo and Naveau, 2018), so that the interpretation of a given CRPS value might 

not always be informative. 

One way of circumventing this difficulty is to compare CRPS values to reference 

forecasts, such as persistence or seasonality. The continuous rank probability skill score 

(CRPSS) is a normalization of Eq. (2) with respect to such a reference. 

The CRPSS is hence computed by: 

𝐶𝑅𝑃𝑆𝑆 = 1 − NOPQ
NOPQRST

                                                                                                      (3) 

where the CRPSref is the CRPS of reference forecast (climatology or persistence). The 

CRPSS is interpreted as a percentage of improvement over a reference forecast. The 
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values of the CRPSS varies between −∞ and 1. The forecast is considered to be an 

improvement over the reference when the CRPSS value is close to 1 (i.e. when the CRPS 

is 0). Values of CRPSS equal to 0 indicates no improvement over the reference. Values 

inferior to 0 mean that the forecast is worse than the reference. 

We use the CRPSS values to determine the maximum lead time T for which the SWG 

forecast is better than references. Then the SWG assessments will use the CRPS and 

directly compare the probability distributions of precipitation ensemble forecasts. 

Results 
Figure 2 shows the observed and simulated values of precipitation for lead times of 5 and 

10 days for summer (June–July–August: JJA) and winter (December–January–February: 

DJF), for Orly precipitation data. We observe significantly positive correlations between 

observed values and the median of the forecasts, for the different data sets as represented 

in table 1. The correlation is generally smaller in the summer than in the winter and - and 

the forecast misses some extreme values of precipitation.  

Table 1. Correlation between observations and the median of 100 simulations for winter 
and summer for a lead time of 5 days 

Location Correlation 
DJF 

p-values Correlation 
JJA 

p-values 

Berlin 0.42 < 2.2K4Y 0.22 < 2.2K4Y 
Orly 0.58 < 2.2K4Y 0.23 < 2.2K4Y 
De Bilt 0.45 < 2.2K4Y 0.20 < 2.2K4Y 
Toulouse 0.43 < 2.2K4Y 0.18 < 2.2K4Y 
Madrid 0.58 < 2.2K4Y 0.29 < 2.2K4Y 

 

For a lead time of 10 days, SWG simulation still show capacity to predict precipitation 

especially for winter with a correlation equal to 0.23 (Orly), 0.30 (Berlin), 0.43 (Madrid). 

We observe that the 5th and 95th quantiles of simulations include the different values of 

observations. This heuristically confirms the good skill of SWG to forecast precipitation 
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from Z500 for several seasons (winter and summer) in several locations for T = 5 and T 

= 10 day lead times. 

 

 

 
Figure 2.Time series of analogue ensemble forecasts for 2002, for lead times of 5 days 
a)  for summer (June to August) and b) winter (December to February) for Orly, Berlin 
and Madrid. The median of 100 simulations is represented by red line. Black lines 
represent observations values. Dash lines represent the 5th and 95th quantiles. Blue lines 
represent persistence forecasts and green lines represent the climatology forecasts. 

The difference of the forecast correlation skills between the six studied locations may be 

related to the variation of the local climate from one region to another. The studied areas 

are in different climate types according to Köppen-Geiger’s climate classification map 

(Peel et al., 2007). From the south western side of Europe, Madrid is in the arid zone (Peel 
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et al., 2007), which indicates that convective rains are less significant, so that the origin 

of precipitation might be the result of humidity coming from the Atlantic. Conversely, 

Berlin is located in a cold zone characterized by warm summer and the absence of a dry 

season (Peel et al., 2007), so that the precipitation could be the result of both convective 

rains and Atlantic humidity. 

Moreover, we computed the CRPSS for precipitation for lead times from 5 to 20 days 

(Figure 3) for the different studied areas. We represent skill scores for January and July 

in order to evaluate the skill of the SWG to predict precipitation in both seasons (winter 

and summer). For comparison purposes, SWG simulations are obtained using analogs 

computed from reanalyses on the NCEP and ERA5 reanalyses. Comparing their skill 

scores, we found that CRPSS and correlation between observations and simulations are 

positive in both cases, and showing positive improvement comparing to persistence and 

climatology forecasts. The CRPSS and correlation for simulations with analogs of NCEP 

are slightly higher than with ERA5, due to the longer length of the NCEP reanalysis, 

which has a better potential to find good analogs. 

We determined that the SWG simulations showed better skills for the geographic domain 

outlined in red, in Figure 1 as it allows to make forecasts for all the studied areas and we 

find that the skill scores over this geographic domain remained the highest ones. 

Therefore, we focus on SWG simulations with analogs from the NCEP reanalysis in the 

sequel. The CRPSS for persistence and climatology references show positive values for 

lead times of up to 20 days (Figure 3). 

The values of CRPSS with persistence reference (represented by squares) decrease with 

lead times, showing high values over 5 days. The CRPSS for climatology (triangles) show 

lower values, although positive. The correlation skill is positive for both seasons but 

higher in winter (January) than in summer (July). For a lead time of 5 days, the correlation 

is equal to 0.59 for Madrid, and to 0.50 for Berlin. For a lead time of 10 days, it is equal 

to 0.42 for Madrid, and to 0.30 for Berlin. 
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Figure 3. Skill scores for the precipitation of Berlin, Orly and Madrid for lead times of 
5, 10, 20 days for January (blue) and July (red) for analogs computed from reanalyses of 
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NCEP. Squares indicate CRPSS where the Persistence is the baseline, triangles indicate 
CRPSS where the climatology is the reference, and box-plots indicates the correlation 
between observation and median of 100 simulations. 

The SWG was tested in previous work of (Yiou and Déandréis, 2019) to forecast North 

Atlantic oscillation (NAO) and temperature in western Europe. Comparing the 

performance of the SWG to forecast those different meteorologic variables, we notice 

that the model shows good performance to forecast the temperature and NAO in the 

winter, also the best performance of the model is at a lead time of 5 days. We find that 

the skill scores (CRPSS and correlation) decrease with lead of times. The forecast skill of 

the SWG shows variability from one location to another. However, the model was able 

to forecast temperature until 40 days in Berlin, Orly, Toulouse and De Bilt with positive 

skill scores. From a visual inspection of the CRPSS and correlations, we chose to focus 

on lead times of T = 5 days, for which the correlation exceeds 0.5 in the winter. It is rather 

low in the summer, due to convective events leading to a high precipitation variability 

(from no rain to very high values). Correlation scores become barely significant for lead 

times of 20 days, so that, like temperature, the SWG should not be used beyond that 

horizon. 

Conclusion 
In this work, we showed the performance of a stochastic weather generator (SWG) to 

simulate precipitation over different locations in western Europe and for various times 

scales from 5 to 20 days. The input of our model was analogs of geopotential heights at 

500 hPa (Z500). The choice of such input was made in order to evaluate the impact of 

large scale circulation on local weather variables. SWG showed a good skill to predict 

precipitation for a lead time of 5 and 10 days from analogues of Z500. This study 

complements the work of (Yiou and Déandréis, 2019), for precipitation. We explored the 

sensitivity of the SWG model on analogs computed from different geographical areas and 

from different reanalyses (ERA5 and NCEP). We found that the analogs from the NCEP 
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reanalyses provide better performances for simulations, due to its larger length ( 70 years 

in NCEP vs. 40 years in ERA5). Therefore the length of the analog database does make 

a difference, as already suggested by (Jézéquel et al., 2018a). 
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