Modelling the ionospheric F2-layer for year 2002 with the TIME-GCM coupled model
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Abstract: We have run improved versions of the NCAR TIME-GCM computational model of the ionosphere for the year 2002, with coupling at the base of the thermosphere to two meteorological models, the US NCEP and the European ECMWF, for cases with and without daily solar and geomagnetic forcings. The model outputs represent well the seasonal behaviour of F2-layer electron density in 2002 at five mid-latitude Northern hemisphere stations. It performs best at relatively high magnetic latitudes in Europe and North America, but less well at two Southern hemisphere stations, Port Stanley and Hobart, where it fails badly in local winter. Since NmF2 depends on neutral composition in the thermosphere, which in turn is largely influenced by the global thermospheric circulation, we conclude that TIME-GCM represents the circulation well in the northern hemisphere but not in the south. 
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1.
Introduction
  
The F2-layer is well known to be the most variable of the normal ionospheric layers. While most of its fairly regular daily, seasonal and solar-cycle variations are mostly understood, at least in principle [e.g. Rishbeth, 1998], the day-to-day and hour-to-hour variability are not. Several papers, such as Forbes [2000], Fuller-Rowell et al. [2000] and Rishbeth and Mendillo [2001], attempt to evaluate the (solar EUV(, (geomagnetic( and (other( contributions to the day-to-day variability. The (other( component has tentatively been attributed to (meteorological( effects arising in the lower or middle atmosphere, but it is difficult to find firm observational evidence for such (meteorological( influences.  Yet we can mention some suggested cases: the study by Meriwether et al. (xxxx)  of different winds and temps in Arequipa due to orographically-affected flow patterns, over the ocean vs over the Andes, (2) volcanic eruption papers.
In a previous paper [Mendillo et al., 2002] we used a three dimensional, global thermosphere-ionosphere-mesosphere model coupled at the 30 hPa (28 km) level to a meteorological model, to give a composite model called TIME-GCM-CCM3 The only variations in those computations were geographic and seasonal changes of solar zenith angle, the levels of solar and geomagnetic activity being held constant throughout the model year, and we reported that several computed F2-layer parameters for seven ionospheric sites showed considerable day-to-day variability, occurring in episodes that differ from one site to another. We deduced that the day-to-day variability stems from the variable forcing by the lower atmosphere. Quite simply, the model contained nothing else that could cause the variability.[#RAY! OK?? CAN ANY SPURIOUS EFFECTS BE GENERATED IN THE PROGRAM?]
Rishbeth [2007] set out some aspects of thermospheric and ionospheric behaviour that remain to be understood, though progress on some of these problems has since been made, in particular the so-called ‘annual anomaly’ [Zeng et al., 2007]. The semiannual variation of thermospheric temperature, with maxima in April and October, and the associated semiannual variation of F2 layer height, and day-to-day ionospheric variability are relevant to our present work; the latter will be the subject of a separate paper.

The present paper reports our initial evaluation of a model that incorporates forcing by a realistic meteorological model and solar-geomagnetic inputs for the year 2002. In section 2 we describe the model and inputs. The comparisons with F2-layer data for seven stations are presented in section 3 and our findings discussed in section 4. We sum up in section 5. We defer to later papers the important questions of how much day-to-day variability of the F2-layer is due to forcing by the lower atmosphere: tides and waves and the above-mentioned ‘meteorological’ component, and the topic of ionospheric storms during 2002.
Figure 1. Solar and geophysical indices for 2002: F10.7, Ap max, Dst max [what does ‘max’ signify?]

Figure 2. Sketch of the thermospheric circulation – JATP 1998

2.
Computations and models for year 2002
[RAY – please check all this!!!]
2.1. Resolution.  As compared to the version of the TIME-GCM coupled model we used previously, the new ‘C’ version used in this paper, and the associated ‘D’ and ‘E’ versions to be used in future work, have doubled spatial resolution namely 2.5 degrees in latitude and longitude and 4 grid points per scale height. The lower boundary is forced every 6 hours by the model produced by the European Centre for Medium-Range Weather Forecasts (ECMWF). This model is based on satellite data with some ground-based data which are used to construct daily global maps at several pressure surfaces from ground level (~1000mb to 1mb)[RAY!!! CORRECT?].which might be expected to lead to more variability in the upper atmosphere than the daily model we used previously. In addition the E-layer electron density model has been improved by adjusting the low wavelength EUV (<10 nm) and the x-ray flux. The O/O2 ratio in the thermosphere has been improved by adjusting eddy diffusion.

2.2 
Lower boundary. At the 30 hPa lower boundary, at about 28 km height, [CORRECT, please for 30 hPa ??] the model is forced at 6-hour intervals with the global meteorological model of the European Centre for Medium Range Weather Forecasting, ECMWF. This model is based on satellite data with some ground-based data which are used to construct daily global maps at several pressure surfaces from ground level (~1000mb to 1mb). [CORRECT?]. The zonal and meridional winds at the lower boundary set the planetary wave structure around the globe. On them we superimpose the diurnal and semidiurnal propagating tides derived from the Global Scale Wave Model (GSWM) of Hagan and Forbes (----). We specify the global distribution of small scale (sub-grid) gravity waves with the ------ model??? RAY?? These perturbations, imposed at the lower boundary, propagate upward and interact with the mean flow, with each other, and with any wave-wave interactions that occur internally in the model. This differs from our previous computations [Mendillo et al., 2002], which used the TIME-GCM [??version??] ‘flux-coupled’ at the 10 hPa pressure level to the NCAR Community Climate Model (CCM3), which is a free-running model that represents time averaged climatology.

2.3
Solar-geophysical inputs. In the thermosphere, the coupled model is driven by a variable solar input, based on daily solar 10.7 cm flux and particle inputs appropriate to the 3 hourly Kp. The solar input uses an empirical solar EUV and UV flux model (Solomon, JGR 200x), and the auroral particle model uses 3-hr Kp and a model of high latitude ion convection (Roble and Ridley, Ann. Geophys., 1987) The ionospheric parameters are much as in the previous paper (Mendillo et al., 2002) but specifically calibrated for the year 2002. How to compute plasma flow through the upper boundary is still an unsolved problem which needs attention: as in our previous work, we here assume an empirical flux 10 XXXXX  cm-2 s-1, up by day and down by night
 [RAY, is this right, or can we do better nowadays? CAN WE MAKE ANY ASSESSMENT OF THE EFFECT OF THIS ASSUMPTION?]
2.4
Outputs. As in Mendillo et al. (2002), we use the coupled thermosphere-ionosphere-mesosphere-electrodynamical general circulation model, TIME-GCM of the US National Center for Atmospheric Research (Richmond et al., 1992, Roble and Ridley, 1994, Roble, 2000). The present work uses model versions 1.2 and 1.3. As before, the outputs at the F2-peak are the electron density NmF2, height hmF2, neutral temperature T, concentrations of atomic oxygen [O], molecular oxygen [O2], molecular nitrogen [N2], the zonal, meridional, vertical components of the neutral-air wind U and the zonal electrodynamic drift; in the E-layer, the outputs are the electron density on the pressure-level nearest the E-layer peak; and in the lower atmosphere, the outputs are the meteorological parameters at 30 hPa (28 km). [RAY PLEASE CHECK?]
3.
Results for F2-layer peak electron density

This section describes how the C model behaves at the F2 peak at noon and midnight during year 2002 at seven chosen stations. We show how NmF2 varies with local time 00-24 LT, throughout daylight hours (Fig. 3 and Table 1), then how noon NmF2 varies with day number 1-365 (Fig. 4 and Table 2. the tables incorporate comments on how well the C-model represents the data.

In the tables stations are listed in decreasing order of geographic latitude. ‘Days of year’ 1-365 are quoted in the descriptions to the nearest 5 or 10 (with names of months added in places, for convenience). Labels n and f denote stations ‘near to’ or ‘far from’ the longitude of the magnetic pole in their hemisphere; see Rishbeth (1998); the comments ignore the very low NmF2 observed on some storm days, which are not discussed in detail in this paper.

[Add General Comments on model vs data – to come]

4.
Calibration and normalization of the C-model 

(Table 3: log data – log model vs station and month) [I suggest inverting the signs to show log model-log data] 
The overall conclusion is that TIME-GCM values of NmF2 are on average too high by a factor of exp(0.19) = 2.1 but the factor varies from month to month and from station to station. The present work does not reveal a reason for that.  

5.
Summary and Discussion
The paper considered in section 3 the shape of the day-to-day variation of noon peak F2-layer electron density (NmF2) at seven stations, but not their absolute values. The general conclusion is that TIME-GCM C-model represents very well the daily ‘1-365’ variation at higher northern midlatitudes in Europe and North America, but less well at lower northern midlatitudes and southern midlatitudes. It is seriously wrong in winter at southern latitudes. We suggest that the excessive midwinter electron densities in the Australian and South Atlantic sectors occur because the model places the winter zone of downwelling of the neutral air (see Fig. 2) several degrees too low in latitude, giving excessive atomic/molecular (O/N2) ratios at the southern stations Hobart and Port Stanley. This interpretation is consistent with the rather values of NmF2 observed in winter at Kerguelen in the South Indian Ocean (Rishbeth 2000) and also in the Antarctic peninsula, which imply that these stations are under the winter downwelling zone. We do not know why the reason for this failure of the model. In contrast the CTIPM model (Zou et al. 2000) performs very much better than TIME-GCM in southern latitudes, and gives much better results for the month-to-month variations of NmF2 at southern stations. 

Other topics for discussion, which we expect to cover in a later paper, are the variations throughout the year of the thermospheric temperature and the F2 peak height hmF2, which is related to temperature, in particular the semiannual variation with maxima in April and October. Up to now, TIME-GCM and other coupled models have signally failed to reproduce these well established characteristics, nor does it seem that they have ever been properly discussed by modellers. We do not understand why this should be.
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Table 1


Comments on the shapes of the variations of NmF2 with local time (daytime only)

Moscow 56N ‘n’
Shapes very good on the whole, though the model misses the forenoon peaks (08-10LT) in spring,  
Fig. 3a 
especially April, and tends to fall off too quickly at dusk in Mar-Sept. 
 

Chilton
52N ‘n’
Very much as for Moscow, with the forenoon peaks in the data being more marked in Jan-Apr. 
Fig. 3b





Wakkanai 45N ‘f’
Model shapes match the data badly, particularly in the winter half of the year (Jan-Mar, Sept-Dec)
Fig. 3c


when data values fall off much faster in the afternoon than do model values.
Wallops Is. 39N ‘n’
In many months the shapes match well, but the forenoon peaks tend to occur later in the model 

Fig. 3d


than in the data.



Eglin 30N ‘n’

The daytime peaks in the model occur 2-4 hours too late in every month. 
Fig. 3e

Hobart 43S ‘n’ 

The model shapes match the data quite well, despite the mismatches in absolute values,  
Fig. 3f 


except that the model values drop off too quickly after sunset, especially in summer (Jan-Mar).



P Stanley 52S ‘f’

The daytime peaks mostly occur 2-4 hours too late, though in summer the model/data mismatch

Fig. 3g


is too great for meaningful comparison. 
Table 2


Month-by-month comparisons of model with data for noon NmF2

Moscow 56N ‘n’
No data June or Oct-Dec (days 150-180, 270-365).  Data have sharp peak around day 30 (Feb) not 

Fig. 4a 
shown by model. 
Model values ~25% too low on most days 70-140 (Mar-May). 

Chilton
52N ‘n’
Data peak around day 30-35 (Jan-Feb) and have nearly flat minimum at days 150-230 (June-Aug).

Fig. 4b
Model is very good in January and March-September, apart from a few days, but fails to show the very high NmF2 on days 20-50 (February). On days 290-350 (Oct-Dec), model ~10% too high most days, but shows big reductions on days 275-280 (storm Kp 7) and some other disturbed days. 

Wakkanai 45N ‘f’
Data peak at days 30-35 (Feb) and 300-330 (Nov). Model values are good much of year, but are 

Fig. 4c


~20% too high at the Feb peak and days 200-300 (July-Sept).

Wallops Is. 39N ‘n’
Data values are surprisingly almost flat throughout Jan-early Apr (days 1-100) (are these genuine?), 
Fig. 4d
but the model shows sharp Feb peak around days 30-35. Model fits data well for rest of year, but is 15-20% high on days 310-350 (Nov-Dec). 

Eglin 30N ‘n’
No data days 225-260 (Aug-Sept). Fairly good fit overall, but model is ~25% low on days 70-135

Fig. 4e (Mar-May) 
and ~15% too high on days 280-330 (Oct-Nov). 

Hobart 43S ‘n’

No data days 305-365 (Nov-Dec). Model values are good on days 1-110 (Jan-Apr) and most days 
Fig. 4f
270-  300 (Oct), but are much too high throughout winter days 120-270 (May-Sept); data show peaks around days 130 and 200-230 of which the data show very little trace.

P Stanley 52S ‘f’

Data show a basic semiannual variation, peaking in autumn at days 90-100 (April) and in spring
Fig. 4g 


(days 260-310 (Sept-Oct); in the model, the autumn peak at days120-150 is too late and the 
spring peak at days 210-230 is much too early (perhaps being merged with a spurious winter peak
which is not in the data. Model values are ~30% too high in summer, days 1-100 and 276-365.
Table 3

 Monthly log (model/data) NmF2 for 2002
Insert Excel Table 3, after reversing the signs because at present the table shows data/model, but I think model/data would be better. I also suggest reducing the numerical values by a factor of exp(0.19) = 2.1 to convert the data from natural to decimal logarithms. What do you think?
Figure Captions [preliminary list, eventually to be numbered in a normal sequence 1, 2, 3, …]
Fig. 1
Solar F10.7 and geomagnetic Kp indices for 2002. 
[Note: the following do not exactly correspond to the draft figure I have!]
(a) Top panel, the daily Ap value, averaged over each month, for the year. Clearly, 2002 was a year with a classic semiannual variation in geomagnetic activity.

(b) Standard deviation of the monthly mean Ap shown in (a). Again, the geomagnetic variability is variable, with equinoxes having higher standard deviations. Thus, (a) and (b) tell us that magnetic activity was both high and highly variable in Equinox months.

(c) Monthly mean F10.7 values and (d) their standard deviations.
Fig. 2
Sketch of the thermospheric circulation.
Fig. 3 a-g Daytime NmF2 vs local time for (four) months at (six) stations
Fig. 4 a-g Noon NmF2 on days 1-365 at all stations: ionosonde and model C

Fig. 5 a-g Noon O/N2 at pressure level nearest F2 peak on days 1-365 at all stations (OR P-parameter).
[JOEI: do the O/N2 figures exist for model C? I think I saw some, but I cannot find them now] 
