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Context  
Data assimilation (DA) has integrated nowadays many forecasting systems for the atmospheric composition (see 
atmosphere.copernicus.eu). Although most of the employed DA methods inherit from well-established meteorological 
applications, the specific properties of chemical models (stability of the equations, dependence of the uncertainties on the 
forcing terms, strong non-linearities) make them sub-optimal for atmospheric chemistry. As a consequence, forecasts 
improvements due to DA remain very limited today. 
 
Objectives / scientific questions  
The objective of HERMES was to explore the advantages of the latest generation of DA algorithms for atmospheric chemistry 
applications, with a focus on air-quality forecasting. We analysed the potential of hybrid ensemble-variational methods, which 
allow dealing with longer assimilation windows, multivariate nature of chemical assimilation, model errors and non-linearities. 
The rationale of this project was to provide guidelines for algorithmic developments in operational centres, which cannot afford 
a systematic exploration of novel techniques. 
 
Main results  
The work has been declined on two parallel axes:  

- CECI-CERFACS implemented a toy model based on quasi-geostrophic dynamics and a full tropospheric chemical 
mechanism (QG-Chem). This model has been used to test the potential of the 4DEnVar algorithm with respect to 
3DVar using a relatively small number of ensemble members. It also developed a bias correction scheme based on 
4DEnVar to correct chemical forecasts under the hypothesis of a stationary model error that depends on inaccurate 
emissions (Fig 1). 

- CEREA developed an iterative ensemble Kalman smoother (IEnKS) that was first applied to a Lorenz model coupled 
with simplified chemistry (Fig. 2) and later to a full air-quality model (POLYPHEMUS). The advantage of the IEnKS with 
respect to EnKS relies on his capacity to deal with non-linearities. Moreover a version of the IEnKS that includes 
additive model error (IEnKS-Q) has been proposed during the project. 

The results provided new insights on the applicability of ensemble-variational methods for air quality forecasts and for coupled 
meteorological-chemistry models. In particular we demonstrated that such methods could account for parametric model errors 
(4DEnVar, Fig. 1) and non-linearities (IEnKS, Fig. 2).   
 

  
 
 
 
 
 
 
 
 
 



 
Fig. 1: Impact of model bias correction on 48 h forecasts of O3, NO2 
and NO. Temporal trajectory of free forecast (3 days), analysis (24 h), 
truth and 48 h long forecasts initialized from the latest available 
analysis. DA of O3 is performed only during the first 24 h. Curves are 
displayed in dark blue when no bias correction is applied to the final 
forecast and are salmon colored when the effective model error 
estimation is used to correct the final forecast. From Fig. 12 of Emili 
et al. (2016). 

 
 

 
Fig. 2: Average filtering and smoothing analysis RMSEs of some of the 
L95-GRS variables (Wind, NO, O3), as a function of the data 
assimilation window length (in units of Dt = 6 h). The case L = 0 
corresponds to the ensemble transform EnKF. The RMSEs are 
normalised by the standard deviations of the observation error. From 
Fig. 9 of Haussaire and Bocquet (2016). 

 

Fig. 1 shows 4DEnVar multivariate analyses obtained with the assimilation of ozone observations during 24 hours when both 
the ozone initial condition and the NO emissions are uncertain. The impact of the novel bias correction procedure is shown on 
the 48 hours prediction that follows the analysis, with the salmon line being closer to the truth for both the observed and 
unobserved species. The implementation of this type of algorithm could be beneficial for Copernicus air-quality forecasts, 
which show dominant biases with diurnal cycles that persist for several days of forecasts.  
Fig. 2 shows the RMSE reduction of IEnKS as a function of the data assimilation window. The inclusion of more observations 
with longer windows and the capacity of IEnKS to deal with the model non-linearity permit better performances of the 
smoother with respect to the filter. Also the IEnKS outperforms the EnKF, which is currently used in operational centres. 
Future of the project:  
HERMES allowed to build and test new algorithms for atmospheric chemistry DA in a controlled environment (using toy models 
and synthetic observations). The skill of such methods has now to be proven on large-scale operational models before further 
implementation at operational centres. The IEnKS has been applied to the POLYPHEMUS air-quality model and real 
measurements but possible issues related to the unknown model errors did not allow yet clear conclusions on its superiority 
with respect to EnKF (PhD Haussaire 2017). Additional work might be needed to include more generic model errors within 
IEnKS. 4DEnVar has to be extended to non-linear case and has still to be tested within a real system. 
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