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Abstract: Computer modelling of the atmosphere above 100 km has progressed rapidly in the last thirty years. Today’s models treat the neutral air and the ionospheric plasma as a global coupled system controlled by basic physics. This essay sets out seven problems or ‘targets’ for future study.

Introduction.
Recent decades have brought great progress in computer modelling of the global thermosphere–ionosphere system. The models are numerical solutions of the conservation equations for mass, momentum and energy that yield concentrations, velocities and temperatures of the electrons, ions and neutral gases. Typically the models cover heights from the mesopause around 80 km to several hundred kilometres, with resolutions of 100-1000 km horizontally, a few kilometres vertically and tens of minutes in time. They do not deal with small-scale (kilometre) structure such as plasma instabilities. Input parameters for the computations are the levels of solar and geomagnetic activity, usually represented by conventional indices either for a range of general conditions or for specific dates, fluxes of solar ionizing radiation and of high-latitudes energetic particle precipitation, and rate coefficients of photochemical and transport processes.
Nowadays, the electron and ion concentrations are computed together with the neutral gas distributions. These are the so-called ‘coupled’ models, as compared to ‘non-coupled models’ which adopt empirical values of some neutral or ionized constituents (‘empirical’ here meaning that values are taken from observational data). In some models, the computations extend downwards below the mesopause, or upwards to the protonosphere, the region where the major constituent is proton/electron thermal plasma. Examples are the ‘TIEGCM’ Thermosphere-Ionosphere General Circulation Models (Roble et al., 1996) and the ‘CTIP’ Coupled Thermosphere-Ionosphere-Protonosphere models (Fuller-Rowell et al., 1996), and their variants and derivatives. If ‘calibrated’ with real data, coupled models mimic well the behaviour of the real thermosphere and ionosphere, and much of our current understanding, particularly of the complicated behaviour of the ionospheric F2-layer (250-400 km) has come in this way. As computing power has steadily increased, so too have models improved.
What more should the models seek to do? Without reviewing the achievements and shortcomings of actual models, this essay discusses desirable objectives or ‘targets’. The difficult problem of modelling by the high latitude ionosphere, with its rapid spatial and temporal variations caused by complex patterns of particle precipitation and electric fields, is not considered.
History.
Ionospheric modelling dates back to the simple theory of solar‑controlled ionospheric layers governed by ion production and recombination (Chapman, 1931). Chapman’s model did not consider dynamical processes at all, though others did so later. By the late nineteen sixties two‑dimensional models became possible, that included the effects of global thermospheric winds (Kohl and King, 1967) and electric fields (Moffett and Hanson, 1966). It was Duncan (1969) who first pointed out that vertical winds play an important role in determining the chemical composition of the thermosphere, as well as the heat balance. It was only around 1980 that computers became fast enough to tackle three‑dimensional modelling, but it is now recognised that the three-dimensional thermospheric circulation plays a large part in determining F2-layer behaviour (e.g., Rishbeth and Mueller-Wodarg, 1999). 
The ‘data explosion’ that started with the International Geophysical Year of 1957-1958 played a large part in the new understanding, in which ionospheric physics became integrated into aeronomy (Sydney Chapman’s name for the science of the upper atmosphere). Hitherto, knowledge of the neutral upper atmosphere had been severely limited by lack of observational data but, thanks to rockets and satellites with contributions from ionospheric science, major advances were achieved. It was then possible to construct empirical models to describe the abundances of neutral gases under a wide range of conditions, first with Jacchia (1965) and later the mass spectrometer/incoherent scatter 'MSIS' model (Hedin et al., 1979) and its subsequent refinements.
As regards the ionosphere, theory and experiment have largely explained such phenomena as 
(1) the geographic/ geomagnetic occurrence of the seasonal (summer/winter) and semiannual variations of F2-layer electron density, the key being the thermospheric circulation (Fig. 1), and how it is influenced by the geomagnetic field (e.g., Rishbeth (1998) and references therein); 
(2) the behaviour of the equatorial F2-layer, though problems remain, such as the role of cross-equator plasma flow;

(3) interactions between high latitudes and middle latitudes. But challenges remain, as listed below.
Seven targets.

Here are seven suggested ‘targets’ – features of the thermosphere and ionosphere that models need to get right. All should be capable, in time, of being reproduced by coupled models calibrated with observational data, and that in turn will help the practical objectives of near-real-time modelling. But, despite the many ideas and suggestions that have been advanced, none of the seven is really ‘solved’:
1
Semiannual variation of thermospheric temperature, with maxima in April and October. Thermospheric models fail to explain it. Is it caused by the greater input of magnetospheric energy at equinox, or because the thermosphere is then less ‘stirred-up’ (Fuller-Rowell, 1998)?
2
Semiannual variation of F2-layer height, hmF2. As hmF2 is related to fixed pressure-levels, this variation is closely linked to the semiannual variation of temperature (target 1).
3
Annual or north‑south asymmetry of F2-layer electron density which, totalled globally, is greater at December solstice than at June solstice (‘annual’). Alternatively, the asymmetry can be regarded as ‘hemispheric’ (north versus south). It is three times greater than is directly caused by the annual variation of Sun-Earth distance (Rishbeth and Mueller-Wodarg, 2006).
4
Nighttime survival of the F-layer, especially in winter mid-latitudes. What keeps it going? Downward flux from the protonosphere, nocturnal EUV radiation from the sky, and low-energy particle precipitation are possibilities, but contemporary models seem to need to postulate another source to maintain the F-layer from midnight till dawn.

5
Day‑to‑day variability of the ionosphere, especially the F2-layer. How much is due to solar variations and to geomagnetic disturbance (‘low-level’ disturbance as well as well-defined ‘storms’)? What causes the day-to-day variability that is not clearly linked to these? Is it due to some other influences on the ionosphere from above and below? 
6
Ionospheric storms, of which the main aspects are understood to first order. Problems remain, such as why individual storms develop differently in time, and how and why their behaviour depends on the Universal Time and local time when the storm starts. 
7
Possible ionospheric mechanisms, as yet unknown. Do any exist? For example, are there ‘tuning’ processes linked to particular timescales or spatial scales? Does the ionosphere possess some ‘long-term memory’? If so, what is the physics? 

I apologize if any of these ‘targets’ already have adequate explanations that I have missed. I thank Michael Mendillo for useful comments.
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Fig. 1. Idealized map of thermospheric wind system at northern solstice, at around 300 km height showing wind direction vs latitude and local time. The period 00-06 LT is shown twice. Symbols ▲ and ▼ mark the centres of daytime upwelling and nighttime downwelling, and black arrows show approximate wind directions (but not wind speeds). The heavy dashed lines denote the equatorward boundaries of the northern and southern auroral ovals under quiet magnetic conditions, the dot-dash lines show the terminator, and the light dashed lines are schematic isobars. The daytime winds are primarily controlled by ion-drag and blow across the isobars; nighttime winds are more influenced by Coriolis force and blow nearly along the isobars.  
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