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1) Purpose of the visit
The purpose of the TEA-IS visit to Spain of C. Haldoupis (University of Crete, Greece) was the collaboration with F. J. Cordillo-Vasquez and A. Luque, at IAA – CSIC in Granada, in order to theoretically investigate the LORE-related ionization generation and its relaxation through the study of key processes of electron production and loss in the upper D region ionosphere. LOREs (LOng Recovery Early VLF events) are the strongest and longest lived VLF (Very-Low-Frequency) wave perturbations, caused by intense tropospheric lightning, which imply large and long-lived ionization disturbances in the lower ionosphere. The physical understanding of the LORE phenomena would  have important implications for the ongoing research of lightning effects on the overlying ionosphere. The synergy here between experimentalists and modellers and the need for a close collaborative action on a specific problem of mutual interest, was the key element that motivated and defined the purpose of the present visit.



2) Description of the work carried out during the visit
This TEA-IS visit lasted for a working week during which an intense collaborative effort took place. It started with an informal 3-hour group-seminar and discussions, during which C. Haldoupis introduced the topic of lightning-induced perturbations in VLF transmissions propagating in the earth-ionosphere waveguide.  The topical overview was followed by a detailed presentation and discussion on the newly discovered LORE (long-recovery Early event) phenomena and their key observational characteristics, which need to be understood through theoretical modelling. LOREs were recently identified (Haldoupis et al. 2012; 2013) to be caused by the emitted electromagnetic pulses of very intense lightning peak currents, which also are capable of producing transient optical emissions in the upper atmosphere known as "elves". The observations implied the generation of lighting-induced large regions of long-lived elevations in upper D region electron density. The long recoveries of these perturbations is a key observation that is not well understood and quantified, therefore it was agreed that our joint work effort should focus on the theoretical and numerical investigation of this problem. 

A strategy was set in which available model tools at IAA would be first properly adjusted/parameterized and then applied in order to simulate ionization production and its relaxation in the uppermost D region ionosphere; the model results were to be compared with the observed LORE characteristics in a feedback-like manner.  It was proposed that the LORE long recoveries are investigated first by considering and testing the effects of basic  upper D region electron loss mechanisms, e.g., electron dissociative recombination and attachment and possibly include other newly discovered processes as is the associative electron detachment proposed by Luque and Cordillo-Vanquez (2010). In particular, emphasis was to be given in quantifying the ionization production levels caused by the impacting effects of strong lighting-induced electromagnetic pulses (EMPs), incident onto, and interacting with, the uppermost D region plasma. In this respect an impact ionization production model, developed recently by A. Luque at IAA, which employed finite-difference time-domain (FDTD) methodologies (e.g., see Marshall et al., 2012), was to be applied using proper parameterization, in order to simulate electron production during LORE conditions. The relaxation of ionization was proposed to be firstly investigated by using a simple analytical electron relaxation model (e.g., see Rodger et al., 1998) which relies on basic ion-chemical reactions and electron loss mechanisms, assumed often to be valid in the upper D region. In addition and parallel to this simple model, the production levels and the in-situ effective electric fields produced by the EMP-FDTD model, were to be inputted in the sophisticated D-region chemical kinetics model, developed over the years at IAA by F. J. Cordillo-Vanquez (e.g., Cordillo-Vanquez, 2008). With this, it was hoped to investigate the key chemical reactions and mechanisms, which are involved in slowing down the relaxation of ionization which apparently defines the long LORE recovery times. 

The above plan that was decided the first day of the visit was put in action and systematically followed during the entire visit in a dense schedule of continuous collaborative effort, where evaluation, understanding, testing and feedback dominated our work, which, in the end, led to considerable progress.
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3) Description of the main results obtained

1)
The data properties and LORE observational characteristics were better recognized, evaluated and understood by all parties. Additional data analysis work was defined and scheduled for the near future. 

2)
The analytical Rodger-model was applied to determine the production levels required for an adopted ambient electron density profile in the lower ionosphere, and given VLF reflection heights. Taking into consideration recent observations, the role of a depleted ionosphere by the undergoing tropospheric lightning activity was recognized as a possible reason for rising VLF reflection heights, which in turn may lead to longer electron relaxation times and thus in LORE generation. 

3)
The EMP-FDTD model for electron production in the uppermost D region lowest E region was properly parameterized for LORE-producing lightning peak currents, and run to produce ionization levels and effective electric fields in the uppermost D region Ionosphere, that is, 80 to 90 km. Feedback by the observations and extensive discussions led to improved model predictions.

4)
The modification of the Rodger electron relaxation model and its inclusion to the EMP production model led to numerical simulations of the relaxation of elve-related ionization, which produced results that are in reasonable agreement with the observations.

5)
The determination of lightning produced EMP electric fields in the uppermost D region, calculated by the EMP-FDTD model, was inputted in the IAA chemical kinetics model. Several runs of this model produced ionization production levels and electron relaxation times which compared well with both the EMP-FDTD model and the observations. The contributing mechanisms and the ion-chemical reactions, as well as the reaction rates were identified and their importance evaluated.  In the simulations, the choice of the ambient electron density profile for the nighttime D region was found to be crucial.

6)
The relaxation results were compared with data in one event case, with success. More events corresponding to a range of lightning peak currents are planned to be examined in the near future.  



4) Future collaboration with host institution (if applicable)

Both parties agreed that their collaboration during this short visit was very fruitful. Since there is need for more research on LOREs and other topics in relation with the electrical and electromagnetic interaction of lighting with the lower ionosphere and the manifestation of these effects using VLF diagnostics, it was agreed that this newly established, ESF-sponsored, collaborative work to be carried on.
5) Projected publications / articles resulting or to result from the grant (ESF must be acknowledged in publications resulting from the grantee’s work in relation with the grant)
It was agreed that the results obtained during this short visit are new and important and basically sufficient for a first publication. It was agreed that a Geophysical Research Letters paper to be prepared in the next few months. A longer paper is also feasible after some more additional work.  
6) Other comments (if any)
          My visit experience suggests that the provision of short visit grants within the framework of an ongoing ESF project is a successful scheme and therefore it is strongly recommended to be continued and expanded. In this context however, ESF needs to be fairer to the visiting scientists by providing proper financial support. This means that the grant level should increase, for both travel and living expenses. In my case, who had to travel from the east end of Europe (Crete) to its west end (Granada), the fixed ticket costs forced me to spend more than 12 hours in travel time and 2 necessary overnight stays in Athens in order to get the least expensive ticket on the cost of using a highly inconvenient route which also included the great stress of changing airports in London during limited inter-flight time. Also the present per-diem allowance is at a very low level which is hardly sufficient for a descent stay.   
