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Where to get gigatraj

The source code for gigatraj is released as NASA Open Source 

and is available from Github at https://github.com/nasa/gigatraj

Gigatraj runs on Linux and can be built with the GNU g++ 

compiler. It uses the netcdf4 library (with HDF5 and OPeNDAP

support), and the OpenMPI library, if availlable
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1. Why yet another trajectory model?
Trajectory models are useful for tracing air parcel histories 

(e.g., Schoeberl and Sparling, 1995), to aid examination of 

the physical and/or chemical processes parcels undergo.

Any such model involves making tradeoffs between 

performance and quality. For example, vertical interpolation 

using splines can yield better results than linear interpolation 

but is more computationally expensive.

We wish to put these tradeoffs into the users’ hands, 

providing a choice of integrators, interpolators, and data 

sources at run time. 

Also, since we work closely with the Goddard Modelling 

and Assimilation Office (GMAO), we wanted a trajectory 

model suitable for inclusion as a module in their Goddard 

Earth Observing System (GEOS), an earth systems model.

2. Features of gigatraj:
• Software library toolkit for building atmospheric trajectory 

models

• Includes a sample standalone model that uses the toolkit

• Provides a choice of vertical coordinates:

- Pressure (for kinematic trajectories)

- Potential Temperature 𝜽 (for quasi-isentropic trajectories)

• Provides a choice of data sources:

- Tilted Solid-Body Rotation winds (for testing)

- MERRA-2

- GEOS FP

• Extensible for new data sources.

• Uses 4th-order Runge Kutta integration by default

• Interpolates winds correctly even near the poles

• Has the ability to swap out interpolators, integrators

• Can cache meteorological gridded products, save/restore state

• Implemented as object-oriented classes written in C++

• Optionally uses OpenMPI for large multiprocessing runs, with 

performance gains above 1000 parcels (See Fig. 2). 

3. Visualization:
Gigatraj output trajectories can be loaded 

into the new Visualization and Lagrangian

dynamics Immersive eXtended Reality 

(VALIXR) system and visualized along with 

GEOS products using interactive 3D 

animation; see poster IN51E-2409 for more 

information.

8. Limitations:
• Simulates advection only—no 

turbulence or diffusion. Suitable 

only for UTLS

• Builds and runs under Linux 

only (so far)

• To be useful, needs the netcdf4 

library with OPeNDAP

capability

5. Example Use Case 1: Polar Vortex Isolation
One key use of the gigatraj model is to conduct large-scale statistical studies. 

While any one trajectory will be increasingly uncertain as time progresses, running 

a large ensemble of trajectories can provide useful insights even over long runs. 

In this example, we examine the isolation of the Southern winter polar vortex:

• 30,000 parcels, randomly distributed over the polar cap

• Starts at 𝜽=440K on 2023-10-01T12 UTC,

• Traced backwards quasi-isentropically to 2023-07-15 using MERRA-2 data. 

As Fig. 6 shows, the parcels arrived at 440 K from around 470 K, as air cooled 

and descended. Fig. 7 confirms that most parcels that were inside the vortex on 

Oct. 1--as determined by the Nash (1996) criterion--were also inside on Jul. 15, 

indicating vortex isolation.

6. Example Use Case 2: Topopause Fold
For this example, we conducted a reverse-domain filled (RDF) run to 

examine a tropopause fold that occurred over the U.S. on 2004-11-05.

We initialized 10,000 parcels randomly along a line across the 

continental U.S., intersecting the fold, then traced their trajectories back 

four days. The MPV values on Nov. 1 were then brought forward to Nov. 

5. Although these parcels are lower in altitude than would normally be 

run, they still produce the structure of the trop fold.

9. Future Plans:
• Improve multi-processing 

performance

• Add new filters for 

manipulating parcels during 

runs

• Add new interpolators

• Add capability for diffusion, 

turbulence effects

Figure 4: Quasi-isentropic 

trajectories, initialized 

randomly at 500K, traced 

forwards five days 

(magenta) and then 

backwards (green). The 

back-trajectories generally 

overlie the forward. 

Figure 5: Histogram of distances 

between the forward and backward 

trajectories. Distances are generally 

quite small, mostly less than 20 m.

Figure 2: Log-log plot of model run time 

versus the number of parcels, for varying 

numbers of processors used in the calculation 

(colored lines).

In this test, each parcel-tracing processor 

reads its own meteorological data.

Figure 7: top row: parcels 

color-coded by Modified 

Potential Vorticity (MPV, as 

in Lait 1994). Bottom row: 

parcels color-coded by 

whether they are inside or 

outside the vortex. In both 

rows, parcels within 0.2 

PVU of the vortex 

boundary are colored 

magenta (for 10-01) or dark 

magenta (for 07-15). 

Figure 6: Probability distribution functions 

(PDF) of the number of parcels inside or 

outside the vortex, versus the potential 

temperature (theta) of those parcels. 

Figure 9: (left) Parcels on Nov. 5 2004, color-coded by MPV on that day. 

(right) Four-day quasi-isentropic trajectories color-coded by their MPV values on Nov 1. 

Figure 1: Five-day gigatraj trajectories 

initialized just above the tropopause over 

sites of strong convection on 2021-07-

178T03 UTC, then traced forward quasi-

isentropically using GEOS FP winds and 

heating rates. The green background is 

the GEOSI FP relative humidity field at 

650 hPa, valid at 00Z on July 17.

Figure 3: A screen capture image from VALIXR, showing 

parcel trajectories initialized just above the tropopause over 

strong convective storms in the U.S. on 2021-07-17T03 UTC 

and traced forward five days using GEOS FP products.

7. GEOS Module:
Gigatraj has been adapted into a module that 

runs within the GEOS model. It has full access 

to all internal model fields on the native cubed 

sphere at model time resolution. This can 

provide significant new capabilities for GEOS 

modelers (for forward trajectories).

4. Validation Tests 
Tilted solid-body rotation winds provide trajectories that can be validated 

against known expectations, and gigatraj passes those tests. 

Real-world winds are more complicated, with no analytic truth to which 

gigatraj output can be compared, although it matches well with other 

models’ output. One critical test is whether parcel paths traced forward and 

backward overlie each other. Chaotic real-world atmospheric flows ensure 

that this will not happen 100% of the time, but the statistics should strongly 

favor such returns. As shown in Figs 4 and 5, they do.

GEOSgcm

GEOSgigatraj_GridComp

GEOSagcm_GridComp

gigatraj

Figure 10: Schematic diagram of the gigatraj

module in relation to the GEOSgcm model.
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