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1.
METHOD

Among the uses of our ability to forecast weather, we should include the impact of atmospheric conditions upon aircraft. We want to predict plane or helicopter motion and changes in capability, so that users can understand the likely results of a possible course of their action. A timely near-future flight simulation is particularly appropriate as operational models such as NOGAPS and COAMPS become more precise and more readily accessible. This paper and PC software demonstrate an inexpensive means to illustrate flight in numerical weather prediction gridded forecast products. 

Computer methods to estimate the aerodynamic forces and torques on aircraft in flight can use a parameterized linear numerical model of the vehicle state (Duke et al., 1988). Wings,  elevator, rudder, and propulsion may be represented by several hundreds of bytes of key data, such as area and moment arm for the flight surfaces. Similarly parameterized operating variables such as instantaneous air speed and angle of attack may be combined with environmental variables such as wind speed and temperature to infer instantaneous force and torque on the vehicle from the simplified lift and drag equations (Prandtl and Tietjens, 1934).

Summing, say, the vertical components of these forces yields the total vertical force on the aircraft at some instant. Dividing by aircraft mass, we find the vertical acceleration at its center. The acceleration multiplied by the time step gives the vertical velocity, which in turn multiplied by the time step gives the next vertical coordinate of the aircraft location. Similarly, integrating torques versus moments of inertia provides the angular accelerations, which give angular velocities, to yield new attitudes by rotation about the center of mass.

Such calculations require several thousand floating point operations per second to support frame rates of thirty Hz or more, well within the capability of most personal computers, with reserve capacity for graphic illustration of the result (especially using a modern graphics accelerator). This is the basis for simulation games such as Microsoft Flight Simulator 2002™.

2.
WEATHER SPECIAL EFFECTS

Actual weather effects upon aircraft form an immense, significant, complex, and growing body of knowledge, hard to communicate to most fliers (Lankford, 2000). Visibility, icing, precipitation, turbulence, and winds probably stand at the top of the list of pilot “weather worries”, but all of these need to be interpreted in a probabilistic sense, with an eye to local effects and features of developing weather systems. We believe that FS2002 and similar are appropriate, powerful, and inexpensive means of communicating such an interpretation, especially in a mission-specific role.

The limitations of the medium are discussed below in more detail, but for the PC environment, the means of communication are visual representations. We try to tap into the user’s suspension of disbelief, and to show him or her an example of what might occur. Surely we can not forecast that cloud at that time and place, but we hope that the cloud shown is sufficiently like the cloud that does occur to be of some utility to the pilot.

How do we represent (reduced) visibility? In FS2002, we can put clouds in the path of the aircraft (you can fly through them and come out the other side). We can put clouds above and below the aircraft as well, to show that the terrain (and other aircraft) are sometimes obscured. For the distributed effects of suspended particulate moisture in the air, we can apply a simple optical depth function to mix some coloration (off-white, for fog) with the final image.

Icing is much harder to represent, from changed flight dynamics to visual appearance on the leading edge of a wing. In fact, FS2002 does not seem to show icing effects at all, although FS2004 (released 29 July, ’03) claims to reduce effective lift of the iced-up aircraft.

Turbulence is shown by rapid fluctuations of the air-pressure related gauges drawn on the cockpit panel: the air speed, vertical speed, attitude indicator, and turn coordinator (but not the altimeter, which is too heavily damped). The imagery in view through the windshield suffers from similar fluctuation, implying corresponding changes in attitude.

Precipitation uses particle dynamics, a very powerful computer graphics means of representing families of similar things, such as splash marks on the windshield and streaks of falling droplets, both affected by the apparent wind. Terrain under snow cover appears with muted relief in another off-white coloration.

Wind speed and direction are apparent at take-off, in that the head-wind or tail-wind affects the roll length, and cross-winds require steering (toward downwind). During flight, one must likewise “crab” into the wind at that altitude to make good a course to the destination, and the duration of the flight depends upon the along-track component of the wind speed. 

All of these features are available out-of-the-box, and can be set by hand. In FS2002, a pilot with an Internet connection can download reporting station weather in METAR format, to automatically build a local scenario. In FS2004, the software identifies local meteorological reporting stations, and surrounds the aircraft with the downloaded time-varying weather, providing illusion of four-dimensional weather.

3.
NUMERICAL WEATHER FORECASTS

The primary operational responsibility of the USN Fleet Numerical Meteorology and Oceanography Center is to execute numerical weather prediction models, as for example described in other presentations at this conference. For this project we use the half-degree NOGAPS (Hogan and Rosmond, 1991) outputs at 6-hour time intervals, out to four days ahead. Output variables are reported (except for the first two shown in the table) at twenty-one pressures, 100 to 900 by 50, then to 1000 by 25, in hectoPascals:

	Parameter
	Units

	Pressure, at mean sea level
	Pascals

	Snow depth
	Meters

	Air temperature
	Degrees Kelvin

	Convective cloud cover
	Per cent

	Total cloud cover
	Per cent

	Water vapor pressure
	Pascals

	Wind eastward
	Meters per second

	Wind northward
	Meters per second

	Wind vertically
	Pascals per second


It is immediately apparent that these are not the same as the visibility, icing, turbulence, precipitation, and winds in FS2002 described in the previous section. We need to perform probabilistic interpretation within the client software written for this project, FSFW, that interfaces between FNMOC outputs and FS2002 inputs.

As described in the Computer Equipment section below, the FSFW software requests a vertical stick of data through the current location of the aircraft, valid at the current mission time in Flight Simulator, which can be up to four days ahead of the present moment. The interpolation from the NOGAPS grids to the stick is performed by the BCS Grid DataBlade, so FSFW is working with point estimates of the NOGAPS dataset. 

These points are distributed along the vertical stick or line segment at the specified pressure levels, so a first task is to find (geopotential) elevation from pressure:

     Htop = Hbot + ( ( R * T ) / G )  * ln ( Pbot / Ptop ).

Here R is the gas constant, T is the layer-averaged virtual temperature appropriate to the water vapor content, and G is the local gravitational acceleration. We can approximate the result to be 10 meters per hectoPascal. We need to interpolate water vapor pressure, wind, and air temperature to the aircraft elevation, and we need to interpret cloud parameters for pressure levels where total cloud cover is non-zero.

We need to convert the water vapor pressure into dew-point temperature using a psychrometric equation, say,      Td = B * Log10 (  Pw  ) / ( A -  Log10 ( Pw  ) ).

Here Pw is water vapor pressure in Pascals (divided by a constant to make the units come out right) and A and B are additional constants for use in ice or liquid water conditions, which we deduce from the air temperature. The result, dewpoint temperature, is converted to the depression from air temperature, and both are supplied to FS2002 at the elevation of the aircraft, along with wind speed and direction deduced from components.

Additional wind information at the aircraft are gust, shear, and turbulence properties required by FS2002. These are guessed from the vertical gradient of wind components and from the vertical wind speed, with no formal justification. A final interpolation to the aircraft elevation is the visibility, from an observed correlation among wind speed at the 850 hPa pressure level, the temperature difference from the ground to the 850 hPa pressure level, and local relative humidity (Wantuch). The FS2002 visibility distance parameter is applied to the entire thickness from sea level to the elevation of the aircraft.

Snow depth applies only at the ground surface, and only indirectly. If non-zero, we attempt to ensure that any precipitation is snow rather than rain. Pressure at mean sea level is of vast importance to the pilot, as the altimeter setting in the Kollsman window, but it is at present ignored in FSFW.

The areas of most interest from a visualization point of view are the FS2002 cloud features. For each pressure level, we convert the air temperature and water vapor into relative humidity with yet another psychrometric equation. Working from bottom to top, we examine the total cloud cover, converted from per cent to eighths: if non-zero, convert the pressure levels above, below, and at this level into elevations, and take half the distances to bound the current layer. FS2002 allows us to specify the deviation of the elevation of the bottom of the layer, which we take to be a fraction of that elevation: clouds near the ground tend to have flatter bottoms than aloft.

Precipitation rate is to be set within the same cloud layer: available NOGAPS grids represent totals since the beginning of the watch, however, and so are zero at noon and midnight UTC. Therefore, we use an ad hoc heuristic as follows. First, if the relative humidity is below 90%, declare no precipitation. Otherwise set the rate in FS2002 (from zero, none, to five, severe) at one half the relative humidity minus 88 per cent, truncated at zero and five. Similarly, NOGAPS does not provide grids for snow versus rain If the outside air temperature is greater than zero Celsius, and the snow depth is less than ten millimeters, we declare rain; otherwise, if the outside air temperature is less than zero, it snows.

FS2002 is aware of virga, and therefore allows us to set a base elevation for the precipitation. Here we step downward through the previously generated lower layers: if the relative humidity drops below 65%, we set that level as the base. We guess at a cloud turbulence parameter from the vertical wind velocity. To arrive at an FS2002 icing parameter (zero, none, to four, severe), we first require relative humidity to be above 70%, then take one factor to be ( relative humidity – 65% ) / 35%. We take a second factor to have unit value at minus ten degrees Celsius, tapered to zero value at zero and minus twenty degrees, multiply the two factors and truncate. The result is maximum icing with high humidity and an outside air temperature of minus ten degrees. FS2002 seems to ignore icing; FS2004 declares that aircraft lift is decreased as icing increases.

Finally, we have to forecast the cloud type, again not directly available from NOGAPS. We declare anything above 6600 meters elevation to be cirrus, below 2200 meters to be stratus, and in between it is cumulus. If the convective cloud coverage is greater than half the total cloud coverage, we declare it cumulus anyway. Now we merge layers with similar properties and send the results through the FSUIPC interface into FS2002.

4.
CONCERNS & LIMITATIONS

The cloud types just discussed are not available as outputs from prognostic variables. The new FS2004 exacerbates this problem, by adding altocumulus, altostratus, stratocumulus, cumulus subtypes (humilis, mediocris, castellanus, congestus), nimbostratus, and cumulonimbus (normal, calvus, & incus). An approach might be to obtain cloud types by image analysis of Cloud Forecasts, (Bieker et al., 2003; Vonder Haar, et al., 2003). Alternatively, one could use forecast winds to advect types analyzed from current satellite data. Ideally, one hopes for research that leads to forecast the cloud type as a normal component of numerical weather prediction schemes.

The above concern actually stems from an insufficient distinction between forecast and observation; effects in FS2002 and FS2004 are built around the latter, in METAR format, and some observations by their scale and nature cannot be found in any currently available forecasts (hail greater than ¼" diameter, for example).

This also leads to a second concern, the poor match between the resolution of the FS products and of the NWP product. The terrain imagery in FS2002 can have details as fine as 4.25 m sampling, higher on the buildings and aircraft; the NOGAPS grid spacing is 50.0 km at the equator. The FS2002 time step may be less than one thirtieth of a second, where NOGAPS fields apply every six hours.  Similar mismatches in scale occur in validating NWP model outputs against observations, or assimilating observations into forecast initial state. In either case, we must be careful to warn the user about features finer than can be resolved.

One problem in resolution now has been resolved. The FS2002 display uses a vertical “stick” from the airport used for takeoff, and therefore provides at best a one-dimensional representation. If it is foggy flying out of Monterey, it will appear to be just as foggy in Death Valley. This effect is mildly ameliorated with FSFW, which steadily interpolates among nearby grid points as you fly, so the fog over Monterey has dried out by the time you reach Death Valley. The newer FS2004 method is to download METAR format observations from near neighbors of the aircraft, and build up weather effects at the coordinates of the reporting locations. High enough over Fresno, one might see that it is foggy at Monterey and clear at Death Valley at the same time, for a three-dimensional effect. We hope to make use of similar methods in a next version of FSFW, tuned to make best use of FS2004.

5.
COMPUTER EQUIPMENT

The state changes can be diagrammed as follows:

FS2002   FSFW    MetCast   DataBlade

   │   →  ‌    →
  ‌   →   ‌


   │  ←  ‌    ←   ‌   ←   ‌


Here FSFW is FNMOC’s new “Flight Simulator in Future Weather” software, MetCast is FNMOC’s code to access its weather database, and DataBlade is the Barrodale Computing Services Grid DataBlade; the latter two are built on IBM Informix database engines. The round-trip loop implied by the above diagram takes seventeen seconds to complete, averaging about thirty bytes/sec total two-way communications bandwidth. 

This project required about three months of coding in Microsoft Visual C++ on the client to build the primary client software, FSFW, which employs the FSUIPC software written by Peter Dowson to communicate with Flight Simulator 2002 (Dowson, 2002, et seq.). 

FSFW reads the current aircraft location and mission time, then sends this as the locus of a request to the data stick software on the FNMOC server. FSFW next waits to read the netCDF response, then forms the FNMOC data into a suitable probabilistic interpretation, as was described above in the Numerical Weather Forecasts section. FSFW sends this interpretation back through FSUIPC into FS2002, which renders the appropriate weather effects in the simulation.

The client hardware, a Dell PWS 340, consists of a 1.80 GHz Intel Pentium 4, 512 MB RAM, nVidia Quadro2 MXR/EX graphics accelerator, under Windows 2000 Professional with Flight Simulator 2002 and Microsoft SideWinder Precision 2 joystick (three axes & throttle).

The server side system is described elsewhere at this conference (Hofschneider and Kiselyov, 2003). The data stick software on the FNMOC server, written in Scheme, extends MBL so it can interrogate the BCS Grid DataBlade when queried by FSFW, then returns data in netCDF format to be read by FSFW.

The grid software on the FNMOC server, written in C in about a month, uses the Informix Client Software Development Kit  to load the Barrodale Computing Services Grid DataBlade twice daily with NOGAPS data extracted from FNMOC’s ISIS file system. The DataBlade subdivides the four-dimensional NOGAPS output grids (361 x 720 x 21 x 16; latitude x longitude x level x valid time) into tiles of convenient size with keying information, a Smart Binary Large OBject™. 

When gridded data points are needed for interpolation, only those tiles required to satisfy the request need to be recalled within the DataBlade, reducing the round-trip time to generate the data packets that return to the requestor for conversion into stimuli for FS2002.

The server hardware consists of a pair of 2.4GHz Intel Xeons, 2GB RAM, and 40GB disk, under RedHat Linux 8.0 with Informix 9.3 UC2.
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