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Abstract 11 

 12 

To address the lack of user-friendly software needed to simplify the utilization of model data 13 

across Heliophysics, the Community Coordinated Modeling Center (CCMC) at NASA’s Goddard 14 

Space Flight Center has developed a model-agnostic method via Kamodo for users to easily 15 

access and utilize model data in their workflows. By abstracting away the broad range of file 16 

formats and the intricacies of interpolation on specialized grids, this approach significantly 17 

lowers the barrier to model data access and utilization for the community while adding exciting 18 

new capabilities to their tool boxes. This paper describes the direct interfaces to the model 19 

data, called model readers, and a basic introduction on how to use them. Additionally, we 20 

detail the planned approach for including custom interpolation codes, and include current 21 

progress on specialized visualization developments. The CCMC is maintaining Kamodo as an 22 

official NASA open-sourced software to enable and encourage community collaboration.   23 

 24 

Introduction 25 

Currently, not many Heliophysics software resources provide the capability for users to utilize 26 

modeled data without a ‘deep dive’ into the particulars of model data format and data 27 

interpolation. Access to a small selection of models is often only available via custom codes 28 

produced in the literature, but the codes are not typically publicly available, are written in 29 

various programming languages, and often have non-uniform syntax. One notable example is 30 

the CCMC’s library of visualization and analysis code. The CCMC maintains a large library of 31 

code in several languages that produces generalized interpolation and visualization capabilities 32 

available on the CCMC website and the applications available there. The code library includes 33 

some custom visualizations for specific models, similar to those presented in the visualization 34 

section. However, the library of code is not publicly available and portions of it depends on 35 

proprietary software licenses. These codes also do not provide direct functional access to the 36 

model data. Kameleon1, a model access code developed previously at the CCMC, was an early 37 

attempt to solve these issues. However, the Kameleon software was primarily written in C and 38 

some Python, which made it cumbersome for some users to use and for some contributors to 39 

 
1 https://ccmc.gsfc.nasa.gov/tools/kameleon/  

https://ccmc.gsfc.nasa.gov/tools/kameleon/
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add support for new models and functionalities. Another example is SpacePy2, an open-source 40 

package written in Python, which offers access to data output from the SWMF/BATSRUS model, 41 

but is not easily extensible to other model outputs (Morley et al. 2011, Toth et al. 2007). One 42 

exception is the Pysat3 software package, which currently provides limited access to outputs 43 

from two models in the ionospheric domain, including a basic flythrough capability4 (Stoneback 44 

et al. 2018). The CCMC team is collaborating with the pysat developers to extend their 45 

capability through a link to Kamodo, and have established interoperability with pysat and all of 46 

the core PyHC packages (Python in Heliophysics Community5: Barnum et al. 2022, Polson et al. 47 

2022, Ringuette et al. 2022). Kamodo is now one of those core packages. 48 

To address this access and utilization challenge for model data, we are developing a model-49 

agnostic method for users to interact with all model data hosted at CCMC using Kamodo, a 50 

unique Python package specifically designed for this challenge (Pembroke et al. 2022). The final 51 

product will enable simple access and utilization function calls for Heliophysics model data in 52 

several domains, including model output from the thermosphere, ionosphere, magnetosphere, 53 

heliosphere, and solar physics models hosted at CCMC. These capabilities will include direct 54 

interaction with model data via model readers, a satellite flythrough functionality, and 55 

additional software tools all designed to have identical (or nearly identical) function calls 56 

regardless of the model data chosen.  57 

All capabilities discussed here are currently available through NASA’s Kamodo GitHub 58 

repositories as open-source code6. Kamodo-core, the second link, provides the core 59 

functionality of Kamodo, including function registration, composition, unit conversion, 60 

automated plotting, and remote procedure call (RPC) infrastructure. The first link hosts the 61 

model and data readers specific to space weather, the satellite flythrough functionality, 62 

customized visualization functions, and a variety of other functionalities tailored to meet the 63 

needs of CCMC users. That portion of Kamodo depends on the Kamodo-core library and 64 

subclasses the Kamodo class defined therein. Kamodo-core is available for installation via pip7. 65 

Installation of the entire Kamodo software requires additional steps which are described on the 66 

NASA github repository linked below (first link in footnote 6). 67 

 68 

In this paper, we focus on the direct interface to the model data, called model readers, and 69 

their capabilities in comparison with the missing infrastructure for model data. As we expand 70 

the library of models, some of the model readers will require specialized interpolation and 71 

coordinate conversion codes. We therefore also describe our plan for incorporating such codes 72 

into the existing structure while adhering to our standard of model-agnostic syntax. Analysis of 73 

 
2 https://spacepy.github.io/  
3 https://pysat.readthedocs.io/en/latest/index.html  
4 https://pysatmodels.readthedocs.io/en/latest/index.html  
5 https://heliopython.org/, https://ror.org/012prn105  
6 https://github.com/nasa/Kamodo and https://github.com/nasa/kamodo-core  
7 https://pypi.org/project/kamodo/ 

https://spacepy.github.io/
https://pysat.readthedocs.io/en/latest/index.html
https://pysatmodels.readthedocs.io/en/latest/index.html
https://heliopython.org/
https://ror.org/012prn105
https://github.com/nasa/Kamodo
https://github.com/nasa/kamodo-core
https://pypi.org/project/kamodo/
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model data sets also vitally depends on the available visualization capabilities, which in turn 74 

require specialized development of advanced visualizations. We include several examples of 75 

advanced visualizations we have developed for this purpose. Although we will include a brief 76 

description of the model-agnostic flythrough and additional functionalities in the summary of 77 

this paper, we defer a more thorough consideration of these developing functions to a future 78 

work.  79 

 80 

We begin by describing Kamodo in the next section. This is followed by a tour of the model 81 

readers’ usage and structure, including a subsection dedicated to custom interpolations. Then, 82 

we describe the standard visualization capabilities and displays several custom visualizations 83 

now available. After the visualization section, we demonstrate the cross-model capability of the 84 

model readers by showing the simple syntax needed to easily plot and compare the same 85 

variable from more than one model. We then conclude our work with a summary. 86 

 87 

What is Kamodo? 88 

 89 

Kamodo is an open-source software originally developed at the CCMC to specifically address 90 

the complex problem of simplifying access to and utilization of the Heliophysics model data 91 

hosted there. Although model data access and utilization is a complex problem in its own right 92 

and would easily justify its own software package, Kamodo was also designed with a broader 93 

array of applications in mind, such as data functionalization, unit conversions, function 94 

composition, automatically generated interactive plotting, and model-data comparisons. These 95 

capabilities were built in Python using SymPy8 and Plotly9 as described in Pembroke et al. 96 

(2022) (Python: Rossum & Boer 1991, SymPy: Meurer et al. 2017, Plotly: Plotly Technologies 97 

Inc. 2015). Due to its advantageous software design, Kamodo also has the flexibility to enable 98 

its use both within and outside of Heliophysics. Examples of these and other Kamodo core 99 

capabilities and exciting developments are given in Pembroke et al. (2022) and in the Kamodo 100 

core documentation10. 101 

 102 

The task of developing the stated functionality for all the model data output types hosted at 103 

CCMC is a daunting task (see Figure 1 for a sample of the models hosted at CCMC). Our 104 

development plan is to create model readers for a selection of models in each Heliophysics 105 

domain and develop various analysis functionalities (e.g. the afore-mentioned flythrough) 106 

based on the structure of those model readers. At the time of writing, we offer model readers 107 

for twelve Ionosphere-Thermosphere model outputs (teal category in Figure 1), two 108 

Magnetosphere model outputs (yellow category in the same figure), and a model output in the 109 

atmosphere-ionosphere domain (WACCM-X, not shown in Figure 1). Specifically, the library of 110 

 
8 https://www.sympy.org/en/index.html  
9 https://plotly.com/  
10 https://ensemblegovservices.github.io/kamodo-core/  

https://www.sympy.org/en/index.html
https://plotly.com/
https://ensemblegovservices.github.io/kamodo-core/
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model outputs supported in Kamodo includes the CTIPe (Coupled Thermosphere Ionosphere 111 

Plasmasphere Electrodynamics model, Codrescu et al. 2008), IRI (International Reference 112 

Ionosphere model, Bilitza 2018), GITM (Global Ionosphere Thermosphere Model, Ridley et al. 113 

2006), OpenGGCM (global magnetosphere outputs only, Open Geospace General Circulation 114 

Model, Raeder et al. 2001), SWMF (ionosphere electrodynamics and magnetosphere outputs, 115 

Space Weather Modeling Framework, Toth et al. 2007), AMGeO (Assimilative Mapping of 116 

Geospace Observations, AMGeO Collaboration 2019), TIEGCM (Thermosphere Ionosphere 117 

Electrodynamics General Circulation Model, Qian et al. 2013), WACCM-X (Whole Atmosphere 118 

Community Climate Model with thermosphere and ionosphere extension, Liu et al. 2018), DTM 119 

(Drag Temperature Model, Bruinsma 2015), SuperDARN (Super Dual Auroral Radar Network, 120 

both output types, Cousins & Shepherd 2010), Weimer (Weimer 2005), ADELPHI (AMPERE-121 

Derive ELectrodynamic Properties of the High-latitude Ionosphere model, Robinson et al. 2021), 122 

and the WAM-IPE model outputs (the coupled Whole Atmosphere Model and Ionosphere 123 

Plasmasphere Electrodynamics models, Maruyama et al. 2016 and Fang et al. 2022). 124 

 125 

 126 
Figure 1: Models, model chains, and model frameworks hosted at CCMC. Model names (full or abbreviated) 127 
supplying model data in a particular domain are typed in the same color font as the domain name at the bottom of 128 
the figure. 129 

 130 

 131 

A number of model readers are currently in development in a variety of domains. In the 132 

ionosphere realm, a model reader is in progress via collaboration for the SAMI3 model (Sami3 is 133 

A Model of the Ionosphere, Huba & Krall 2013). We have recently expanded our coverage of 134 

magnetosphere model outputs by adding the magnetosphere portion of the SWMF model 135 
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outputs. This model reader is the first to include a custom interpolator script called from 136 

another language, and will be the example used for a number of collaborations in various 137 

domains (see the section on custom interpolators and the summary for details). 138 

 139 

There are also readers in Kamodo for observational data such as datasets from CDAWeb 140 

(Coordinate Data Analysis Web11) and satellite trajectories from SSCWeb (Satellite Situation 141 

Center Web12). These readers facilitate data-model comparisons but are beyond the scope of 142 

this paper. By developing a library of model reader examples and the associated 143 

documentation, we are building the resources for collaborators to add additional models to 144 

Kamodo. Additionally, we are providing motivation for such collaborations by developing useful 145 

analysis tools these new model readers will plug in to. Such collaboration is greatly simplified by 146 

the Kamodo software being and remaining open-sourced, which was one of the prioritized 147 

requirements in its original development at the CCMC.  148 

 149 

Model Readers 150 

We define the model readers in Kamodo as the direct model-agnostic interface between the 151 

user and the model data selected. As a standard, these model readers all provide access to the 152 

model data selected as functionalized variables using a simple, uniform command (Figure 2). 153 

This simple command abstracts away all the model-specific details from the user, especially the 154 

intricacies of data interpolation on complex grids and the complications of dealing with various 155 

file formats.  Since these model readers are built using Kamodo, the user can then use the 156 

various features of Kamodo - such as automatic interactive plot generation (Figure 9), function 157 

composition, and unit conversions - in their analysis of the model data selected. Model readers 158 

are verified by comparing sample outputs from each model reader either to the previously 159 

verified corresponding outputs from the current version of the CCMC online visualization or in 160 

collaboration with model developers using sample outputs provided by the model developer. 161 

For a list of model outputs currently supported in CCMC’s Kamodo, see Figure 3 and the related 162 

documentation13. 163 

 164 

Model Readers: Using the Model Readers 165 

 166 

The model-agnostic command to functionalize the selected data and variables is shown on the 167 

third line of the grey box in Figure 2. As a standard, the only information required in the 168 

function call to a model reader is the complete file path to the model data. The necessary 169 

precursors to this command are given on the previous two lines and include an import 170 

statement for the model directory (and other functionalities) and a statement to retrieve the 171 

chosen model readers (second line). The third line functionalizes all of the variable data found 172 

 
11 https://cdaweb.gsfc.nasa.gov/index.html/  
12 https://sscweb.gsfc.nasa.gov/ 
13 https://nasa.github.io/Kamodo/  

https://cdaweb.gsfc.nasa.gov/index.html/
https://sscweb.gsfc.nasa.gov/
https://nasa.github.io/Kamodo/
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in the chosen file directory (file_dir) – 19 variables in this case. As is common, the file path to 173 

the model output data is specific to the data structure on one’s machine or online environment, 174 

so the model readers alone cannot provide this information. The user must do so. The value of 175 

the string used in the second line (‘GITM’) can be chosen from the output of the command 176 

shown in Figure 3.  177 

 178 

Once Kamodo is installed from the Github repository (first link in the footnote above), there are 179 

two methods to approach the pair of commands needed to retrieve the chosen model reader. 180 

The user can either obtain the name of the model reader by directly accessing the 181 

/kamodo_ccmc/readers/ directory, or by using the feature provided by the model_wrapper 182 

script in the /kamodo_ccmc/flythrough/ directory as shown in Figure 2. For example, the first 183 

two lines of code in Figure 2 would be replaced by the first two lines of code of Figure 4, which 184 

return the same model reader for the GITM model output as before, but with the additional 185 

work of finding the correct model reader name. We recommend the method shown in Figure 2 186 

for simplicity. 187 

 188 

 189 
Figure 2: Example of the simplicity of the command for a model reader. The first two lines retrieve the model 190 
reader instance for the chosen model, and the third line functionalizes all of the variables found in the model data 191 
located in the given file directory file_dir. Calling the ‘kamodo_object’ variable as on the last line of code prints the 192 
LaTeX output representing each variable functionalized from the model data given, as shown in the output box 193 
below the code (2 of 19 functionalized variables shown). Note two functionalized versions of each variable are 194 
included by default (see documentation14). 195 

 196 
 197 

For many science questions, the user needs to know the time and coordinate range of the data 198 

and the variables present in a given file directory. We have a few simple functions in the 199 

model_wrapper script referenced above to easily provide this information. Given the model 200 

name and the file path where the desired model output is stored, the user can simply execute 201 

the line of code in Figure 5 to be presented with the beginning and end times (in UTC) of the 202 

files. The function also returns the same two times as datetime15 objects for other uses. To 203 

retrieve a list of variables present in the chosen data, users can execute the single line of code 204 

 
14 https://github.com/nasa/Kamodo  
15 https://docs.python.org/3/library/datetime.html  

https://github.com/nasa/Kamodo
https://docs.python.org/3/library/datetime.html
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in Figure 6. Such a functionality is important since the variables included in a given data set is 205 

often a subset of those accessible through a given model. The output contains the name of 206 

each variable followed by a list of metadata, including a description, an integer, the coordinate 207 

system acronym, the coordinate system type, a list of coordinate names, and the units. The 208 

same function can be used to search the library of models for a given variable (e.g. 209 

temperature) even without any model data.  The single command in Figure 7 can be executed 210 

after kamodo_object is created in Figure 2 (or Figure 4) for the desired list of variables to 211 

retrieve the minimum and maximum of the coordinates for each variable. The functionalities of 212 

the remaining keywords for these functions and each reader are demonstrated in the model 213 

reader tutorial notebook located in the notebook directory on NASA’s Github repository. 214 

 215 

 216 
Figure 3: The library of models currently supported by CCMC’s Kamodo. Following an import statement, the 217 
Choose_Model function can be used to show the library of models currently support in CCMC’s Kamodo. The string 218 
at the beginning of each line is the string needed to retrieve the model reader script for the indicated model (used 219 
as the input in line 2 of the previous figure). Following this string is the full name of the model and the primary 220 
DOI(s) for that model. 221 
 222 

 223 
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Figure 4: Alternative method for loading a model reader. The first line of code imports the desired script. The 224 
second line loads the model reader class instance for the chosen model. The third and fourth lines and the output 225 
below are the same as Figure 2. 226 

Once the model reader object has been created, users may access the interpolator for each 227 

functionalized variable through similarly simple syntax using the features available through the 228 

core Kamodo package. Figure 8 demonstrates the various methods for calling a functionalized 229 

variable’s interpolator. The first and third python commands show two equivalent methods to 230 

retrieve the LaTeX representation of a sample functionalized variable, either by using attribute 231 

notation (first line) or dictionary notation (third line). In this case, the two functionalized 232 

variables are two versions of the same variable: a non-gridded interpolator (top two 233 

input/output pairs) and a gridded interpolator (bottom two input/output pairs). A non-gridded 234 

interpolator requires as input a list of position lists (specifying positions in a 1-dimensional 235 

arrangement) as shown on the second line for two positions. A gridded interpolator accepts 236 

one or more coordinate positions to extract a lower dimensional slice or a hyperslab as shown 237 

on the fourth line for the same position. Note the input coordinates - time in hours since 238 

midnight of the first data file in the file directory, longitude in degrees, latitude in degrees, and 239 

altitude in km - and the resulting values for each are identical. Additional examples are included 240 

in the Kamodo core documentation. The strings representing the variable names in Figures 7 241 

and 8 are model-specific and can be acquired using a variety of methods demonstrated in the 242 

various notebooks on the NASA Github repository (see footnote 8) and in Figure 6, including 243 

executing the command kamodo_object.detail().  244 

 245 

 246 
Figure 5: Retrieving the time range of a dataset. The UTC start and end date and time are printed for the chosen 247 
dataset located in file_dir. The returned values are the same dates and times represented as datetime objects.  248 
 249 

 250 
Figure 6: Retrieving the list and metadata for the variables found in the given dataset. The output contains the 251 
name of each variable followed by a list of metadata, including a description, an integer, the coordinate system 252 
acronym, the coordinate system type, a list of coordinate names, and the units. See text and documentation for 253 
more details, especially the START_HERE notebook in the /docs/notebook/ directory. 254 
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 255 

 256 

Standard two-dimensional heat maps are easily attainable for any pair of dimensions through 257 

Kamodo. Once a multi-dimensional variable is functionalized with Kamodo, users can produce 258 

an interactive two-dimensional plot with a single line of code as demonstrated in Figure 9 259 

below. The syntax simply requires the name of the desired variable (the gridded version), the 260 

names of the coordinates, and the desired values at which to slice the extra dimensions. The 261 

names of the variables can be retrieved via the method displayed in Figure 6. We note the 262 

longitude range varies with the coordinate system as defined by the SpacePy and AstroPy 263 

packages and refer the reader to the documentation included in the Trajectory_Coords_Plots 264 

notebook for the ConvertCoord flythrough function for more details (SpacePy: Morley et al. 265 

2011, AstroPy: Astropy Collaboration 2018). Additional interactive plotting capabilities are 266 

demonstrated in the visualization section. 267 

 268 

 269 
Figure 7: Retrieving the range for each coordinate for a given variable. The inputs here are taken from Figures 2 270 
and 6. The minimum and maximum values for each coordinate the given variable depends on are given in a list 271 
next to the name of each coordinate, followed by the unit of that coordinate.  For model readers developed at 272 
CCMC, time is always measured in hours from midnight UTC of the first day of the data in the given directory. The 273 
datetime representation of this date and time can be retrieved by executing the command kamodo_object.filedate 274 
once the chosen data has been functionalized. For the start and end times of a given dataset, see the File_Times 275 
command in Figure 5. Additional options and information for these functions can be found in documentation. 276 

 277 

 278 
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Figure 8: Example of various call methods to invoke the interpolator for a given functionalized variable. ‘rho_n’ is 279 
the functionalized neutral mass density from the GITM model reader. ‘rho_n_ijk’ is the gridded version of the same 280 
function. Note the input coordinates and the resulting interpolated values are identical. See text and 281 
documentation for details. 282 

 283 

Model Readers: Components 284 

 285 

To provide the described features and be compatible with higher level tools, we have 286 

determined the basic components necessary in the model readers and include a high-level 287 

description and demonstration here. Different approaches are necessary for different types of 288 

data to ensure fast execution times, as we will outline below. We refer the reader to the 289 

Kamodo documentation for more details (https://github.com/nasa/Kamodo).  290 

 291 

 292 
Figure 9: Example of the automatic interactive plot generation available through Kamodo. The grey box at top 293 
contains the command to produce a latitude vs. time plot of the neutral density variable (‘rho_n_ijk’) 294 
functionalized by the GITM model reader. The box in the plot at the mouse pointer’s location (here with a grey 295 
background) displays the time, latitude, and neutral temperature values at the user’s mouse position in the units 296 
given in the LaTeX representation of the function at the top of the plot. Note the symbols at the top right of the 297 
plot enable the typical Plotly interactive plotting features, such as zooming and saving. The ‘time slice…’ outputs 298 
below the command block are messages printed by the lazy interpolation scheme indicating which time slices were 299 
loaded to produce the plot. See text and documentation for more details. 300 

 301 

https://github.com/nasa/Kamodo
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 302 

The most important feature of the model readers is the interpolation of each variable’s data in 303 

the entirety of the time range associated with the model data provided, including between data 304 

files. For coordinate grids that do not change with time or location, we provide a standard 305 

interface to a linear interpolation scheme based on SciPy’s RegularGridInterpolator16 (Virtanen 306 

et al. 2020). SciPy’s interpolators are typically written in C and are called via various Python 307 

commands built to ensure fast and accurate execution. The RegularGridInterpolator offers 308 

several advantages over similar options available through SciPy which motivated our choice, 309 

such as not requiring equally spaced grid points, enabling linear interpolation of data in any 310 

number of dimensions, and avoiding more computationally expensive approaches (e.g. using 311 

Delauney triangulation). 312 

 313 

We find these advantages to be particularly suited to the interpolation requirements for the 314 

model data hosted at CCMC that is currently supported by Kamodo, and likely also well-suited 315 

for a larger range of model data (see the section on custom interpolators below for a discussion 316 

of more complex scenarios). In general, this default interpolator calculates the values for 317 

40,000 3D (time+2D space) or 4D (time+3D space) positions in about half a second for an entire 318 

day of data regardless of the model reader, but varies depending on the sizes of the data 319 

arrays. Additionally, the execution time to generate a Kamodo object for a single variable is 320 

typically faster than half a second assuming all necessary file conversions have already been 321 

performed (see below). Although these execution and interpolation times are in most cases a 322 

bit slower than the current scripts used in the CCMC’s online visualization services, the range of 323 

application is far greater and thus well worth the effort. 324 

 325 

Each model reader also provides customized access to the data format specific to each model. 326 

For model output data in a standard format such as netCDF4 files, this access is trivial to code, 327 

but the issue becomes decidedly more complex for other formats, especially for uncompressed 328 

or compressed binary files (e.g. compare the simplicity of the iri_4D.py model reader script for 329 

a netCDF4 model output file to the combined gitm_4D.py model reader and the gitm_tocdf.py 330 

file converter scripts for an uncompressed binary file). The file converter script for the 331 

OpenGGCM global magnetosphere model output is written in Python and deals with 332 

compressed binary files through FORTRAN-based functions via the f2py interface (Peterson 333 

2009). This script will be called from the OpenGGCM model reader and is publicly available on 334 

Kamodo’s Github17. 335 

 336 

The decision to functionalize the entire dataset stored in a given file directory has an important 337 

consequence on the interpolation requirements. We can not assume that the entire dataset 338 

can be read into memory all at once, with the exception of one-dimensional time series data 339 

 
16 https://docs.scipy.org/doc/scipy/reference/generated/scipy.interpolate.RegularGridInterpolator.html  
17 https://github.com/nasa/Kamodo/tree/master/kamodo_ccmc/readers/OpenGGCM  

https://docs.scipy.org/doc/scipy/reference/generated/scipy.interpolate.RegularGridInterpolator.html
https://github.com/nasa/Kamodo/tree/master/kamodo_ccmc/readers/OpenGGCM
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(e.g. a variable depending only on time and not position). In the one-dimensional case 340 

(interp_flag=0), the entire dataset is read into memory from all of the relevant files and 341 

assigned the interp1d SciPy interpolator18. This option can also be used for higher dimensional 342 

variables not requiring lazy interpolation, in which case the standard RegularGridInterpolator 343 

interpolator is assigned (see documentation). For variables dependent on time, we have 344 

designed a system of lazy interpolators to read into memory and functionalize only the data 345 

corresponding to the time steps needed for the interpolation requested. This allows us to 346 

interpolate through datasets that are larger than a typical computer’s memory (~16 GB). 347 

 348 

An efficient implementation of lazy interpolation requires the software to know which data files 349 

hold which time values and variables before opening the file. We reduce the interpolation time 350 

by calculating and storing the mapping between the time values and the file names during the 351 

first execution of the chosen model reader on a given file directory. To calculate this mapping, 352 

the script searches for and opens every data file in the directory to retrieve the time value (or 353 

values) stored in each data file. The time values retrieved from each file are then saved in 354 

different formats in two text files saved to the directory. By separating the mapping into two 355 

files, we successfully manage the slightly more complex case of having multiple files per 356 

timestep where the data is split by variables (e.g. as opposed to splitting by processor number 357 

for the same variable). We avoid repeating this step for every model reader execution due to 358 

the additional time this process takes and the additional cost this incurs for executions in cloud 359 

environments, particularly when model data is stored in s3 buckets. The mapping between 360 

requested variables names and the relevant data files only requires one file of each type to be 361 

opened and queried, and so does not need this extra step. During the model reader execution, 362 

both mappings are assembled into memory and used to initialize the interpolation for each 363 

variable regardless of the interpolation method used for each variable. 364 

 365 

Three lazy interpolation options are available based on the structure of the data files. The 366 

simplest lazy interpolation method (interp_flag=1) is designed for model outputs with the data 367 

separated into one or more files per timestep. The other two lazy interpolation methods have 368 

similar logic and are designed for model data outputs with more than one time step per data 369 

file (a.k.a. time chunks). The interp_flag=2 option is for time-chunked data files that easily fit 370 

into a typical computer’s memory (<16 GB RAM), while the interp_flag=3 option is for larger 371 

time-chunked data files. For smaller files (option 1 or 2), the given time slice or chunk is loaded 372 

into memory as needed. For larger files (option 3), the data for a given time step selected from 373 

the time chunk is loaded into memory to reduce the demand on computer memory. 374 

 375 

For each interpolation call, the software determines which time steps or chunks are required to 376 

perform the given interpolation, typically one time step on either side of the value or the 377 

corresponding time chunk for option 2. Once the model time values are chosen, the mapping 378 

 
18 https://docs.scipy.org/doc/scipy/reference/generated/scipy.interpolate.interp1d.html  

https://docs.scipy.org/doc/scipy/reference/generated/scipy.interpolate.interp1d.html
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between these time values and the files is used to determine which files holds the required 379 

data. This information is then sent to the model reader, which retrieves the requested data, 380 

perform any data wrangling needed, and returns the data to the interpolation program. For 381 

option 2, the time chunk containing the time value is returned with an additional time step 382 

added from the next time chunk if available to properly interpolate between the time chunks. 383 

Finally, the standard SciPy interpolator is created for each time step or time chunk and an 384 

interp1d interpolator is assigned for the time dimension, resulting in two layers of interpolation 385 

executions per interpolation call. We find this approach reduces the total interpolation 386 

execution time by avoiding repeated creations of an interpolator as more times are requested. 387 

We further reduce computation time for time values requested that are already present in the 388 

data by only using the data for that given time value (e.g. plot requests). 389 

 390 

The logic for all of the interpolation methods assumes all of the data for a given variable and 391 

timestep are located in a single file. This approach is also used for model data where the data 392 

for different variables and the same timestep are stored in different files. In these and similar 393 

cases, the mapping between the variables and the set of files is captured in the model reader 394 

logic (e.g. the GITM model reader). However, the current structures do not easily account for 395 

model outputs where the data for a given time step and variable is distributed among many 396 

files (e.g. split by processor number). For these and other complex situations, each of the three 397 

lazy interpolation schemes have a built-in feature to easily incorporate a custom interpolator 398 

(see the corresponding section below) or custom read routines. 399 

 400 

Additionally, execution speed becomes an issue when the model data is stored in text files or 401 

binary files as compared to CDF, netCDF, h5 files or similar formats. To navigate these issues, 402 

the model readers automatically convert each data file in the directory into a netCDF file the 403 

first time the model reader is called, but only if the original data is stored in a non-ideal file 404 

format. If the user adds data files to the same directory, then the user will need to delete the 405 

time files previously created by the model reader in the same directory and rerun the model 406 

reader to include the new files. This behavior is required to avoid executing a directory listing 407 

command each time the model reader is run, which is time-consuming and not cost-effective in 408 

a cloud environment.  409 

 410 

The file conversion process also removes any data deemed extraneous by model developers, 411 

such as status logging variables, and performs any data reformatting and manipulation 412 

necessary for all of the remaining variables regardless of the variable names requested. We find 413 

this decision substantially reduces the model reader execution time on subsequent calls, and in 414 

some cases also appreciably reduces the total file size, excluding the original file sizes (Table 1). 415 

However, we currently choose to keep all original model output files to allow future 416 

reprocessing and to preserve data that is currently not included in the converted files.  417 

 418 
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Table 1 presents a comparison of execution times for the five model readers requiring file 419 

conversions. The initial execution times include the file conversion time and the time needed to 420 

functionalize a single variable (second column), while the final execution times only include the 421 

functionalization time for the same single variable. The given uncertainty represents the 422 

standard deviation calculated using five execution times in identical conditions. The values 423 

reported for the GITM (Ridley et al. 2006), Weimer, ADELPHI, and SWMF ionosphere 424 

electrodynamics model outputs are for one day of data, while the values reported for the 425 

OpenGGCM (global magnetosphere) (Raeder et al. 2001) model output are for one hour of 426 

data. Note the final execution times are significantly shorter than the initial execution times for 427 

all model readers presented.  428 

 429 

Table 1: Comparison of execution times for first and subsequent calls to selected model readers. 430 

Model Reader Initial Execution 
Time (s) 

Final Execution 
Time (s) 

Initial Total 
File Size (GB) 

Final Total 
File Size (GB) 

GITM 974. ± 19. 0.563 ± 0.033 20.3 8.37 

SWMF (IE) 200.7 ± 1.4 0.301 ± 0.029 3.89 1.97 

ADELPHI 21.0 ± 1.0 0.309 ± 0.059 0.131 0.00783 

Weimer 84.73 ± 0.73 0.296 ± 0.016 1.92 0.157 

OpenGGCM (GM) 736 ± 59†  0.107 ± 0.022 4.38 15.6 
†The initial execution times do not include the execution time of the OpenGGCM (GM) model reader. The larger 431 
final file size results from decompressing the original compressed binary file format. 432 

 433 

 434 

Many ITM (Ionosphere-Thermosphere-Mesosphere) model outputs in spherical coordinate 435 

systems include variables that depend on pressure level instead of height or radius. The 436 

pressure level coordinate grid is defined differently in each model output and varies both 437 

spatially and temporally, complicating the interpolation of a given satellite position or a 438 

requested variable plot at a constant height. However, the pressure level coordinate grid values 439 

are defined as constant reference points in the model outputs, and so invite the use of the 440 

typical RegularGridInterpolator, albeit in an innovative way. Due to the presence of this 441 

relationship in multiple models, we have created a model-agnostic method  442 

based on the standard interpolator to invert each model’s relationship between pressure level 443 

and height19 without any further assumptions on the underlying data. 444 

 445 

Each model output including variables dependent on pressure level also gives height as a 446 

function of time, longitude, latitude, and pressure level. This relationship must be inverted to 447 

return the pressure level at a given time, longitude, latitude, and height. We accomplish this 448 

with a few simple steps. First, the height variable is functionalized and gridded to enable slicing. 449 

For each unique trio of time, longitude, and latitude values, we interpolate the model-provided 450 

 
19 See the PLevelInterp function in the reader_utilities.py script in the kamodo_ccmc/readers/ directory on our 
GitHub (https://github.com/nasa/Kamodo).  

https://github.com/nasa/Kamodo
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pressure level coordinate grid values through the height function, producing a set of height 451 

values corresponding to each pressure level grid value at that time and longitude-latitude 452 

location. We then create a one-dimensional interpolator using the interp1d interpolator 453 

provided by SciPy with the interpolated height values as the ‘X’ values and the model-provided 454 

pressure level values as the ‘Y’ values. Once created, the 1D interpolator returns the pressure 455 

level for a requested height. This provides a custom inverted relationship between the height 456 

and pressure level for each time, longitude, and latitude combination requested. This allows 457 

the model readers to automatically redefine each variable dependent on pressure level as a 458 

new variable dependent on height via Kamodo’s function composition capability using only the 459 

model data provided. The generalization of this code to work with all relevant models provided 460 

the framework to efficiently include custom interpolators (see the corresponding section 461 

below). 462 

 463 

The chosen structure of the model readers results in a linearly increasing execution time for an 464 

increasing number of variables. Figure 10 presents the execution times of each model reader in 465 

the CCMC Kamodo model library plotted against the number of variables functionalized. Both 466 

the regular and gridded versions of each variable were requested in these calls (gridded_int = 467 

True, see documentation), and any necessary file conversions took place beforehand. For 468 

variables using a lazy interpolation scheme (with two or more dimensions), model reader 469 

executions do not load any model output data into memory except for the coordinate grids. 470 

The variables functionalized for these timing tests were therefore limited to be at least two 471 

dimensions or more. Unfortunately, this restriction resulted in the SuperDARN tests being 472 

restricted to three possible variables (white squares and triangles). The DTM model output has 473 

only nine variables total, and so lacks a data point for the tenth variable (purple triangles). The 474 

Weimer model output is excluded since it only has one or two variables, depending on the 475 

dataset. 476 

 477 

In addition to the lines and symbols for each model reader, the average execution time is also 478 

plotted as a black dashed line with one sigma error bars. The average execution time for one 479 

variable is 0.50 ± 0.19 s, as shown in the inset of Figure 10, with an average increase of 0.4618 ± 480 

0.0046 s of execution time per additional variable. The standard deviation of the execution 481 

times also increases with increasing number of variables from 0.19 s for one variable up to  482 

0.94 s at 10 variables, with the increasing spread dominated by the WACCM-X execution times 483 

for higher numbers of variables. In general, the execution times of the model readers tend to 484 

be within one standard deviation of the average execution time per variable. Such close 485 

tracking is due to a distribution of properties among the readers, such as the number of unique 486 

coordinate grids, the size of each coordinate grid, the presence of model-specific coordinates 487 

requiring additional initialization steps (e.g. pressure level), the complexity of the variable-file 488 

mapping logic, and other similar considerations.  489 

 490 
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There are, however, two exceptions to this trend. The SWMF (GM) model reader execution 491 

time (blue line with circles) is well above the error bars for small numbers of variables, and the 492 

WACCM-X model reader execution time (brown line with diamonds) is well above the error bars 493 

for four or more variables. The behavior of the SWMF (GM) execution time is likely due to the 494 

additional initialization steps required to properly prepare the custom interpolation C code for 495 

execution compared to the other codes. In contrast, the larger execution times of the WACCM-496 

X model reader code at larger variable numbers is probably caused by the large size of the 497 

coordinate grids – roughly similar to OpenGGCM (GM) – in combination with the pressure level 498 

inversions automatically functionalized at larger variable numbers for the chosen set of 499 

variables.  500 

 501 

 502 
Figure 10: Total execution time for selected model readers vs number of requested variables. Colors and shapes 503 
with solid lines indicate model readers (see legend). The average execution time across the model readers sampled 504 
is plotted with a black dashed line. Error bars on the average line show the 1σ standard deviation at each variable 505 
number. The execution times are typically closely grouped with the exception of the SWMF (GM) execution time at 506 
low numbers of variables, and the WACCM-X execution time at high numbers of variables. The inset at top left 507 
shows the distribution of execution times using one variable. See text for more details. 508 

 509 

 510 

Additional features included in the model readers are automatic linear interpolation in time 511 

between model data output files, scalar and vector averaging at the poles (for model outputs 512 

on spherical grids that do not include the poles, see documentation), mapping between the 513 

often cryptic model variable names and standardized variable names, and alignment of the 514 

model data with a standard coordinate system defined by the SpacePy and AstroPy packages 515 

(SpacePy: Morley et al. 2011, AstroPy: Astropy Collaboration 2018). Although model runs are 516 
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typically generated with a continuous time range, the outputs are produced by collecting all 517 

data for a set number of timesteps or a set time range into a file, generating an artificial time 518 

gap between the files corresponding to the time resolution of the model run. Interpolation 519 

across this time gap is necessary to properly represent the full data set produced by the model 520 

run. The simplest approach would be to use nearest neighbor interpolation for time values 521 

between files, where the time value in the neighboring file closest to the requested time value 522 

would be chosen, and the typical linear interpolation would be performed for the spatial 523 

components. However, this approach is not consistent with the linear interpolation for all time 524 

and spatial components at all other times. So, we have chosen to implement linear 525 

interpolation in time between data files as a standard in all model readers. Interpolation 526 

between files is accounted for in the lazy interpolation method described above. We refer the 527 

interested reader to the Kamodo onboarding instructions document on the NASA Kamodo 528 

Github repository for more details. 529 

 530 

Model outputs on spherical grids do not always extend to include the poles. In most cases, this 531 

is due to the grid values reported from the model being located in the center of a grid cell that 532 

includes the poles (e.g. a grid cell located at 89.5 degrees latitude with one degree resolution). 533 

In these situations, we have implemented additional logic to calculate the expected value of the 534 

variable data at the pole. For scalar quantities such as density or cartesian components, this 535 

logic simply averages the range of values next to the pole in question and populates the array 536 

vector corresponding to the pole’s latitude with that value. This is done separately for each 537 

time value. For spherical components, particularly the non-radial components, we take the 538 

vector average of the same values, also separately for each time, and populate the 539 

corresponding values at the pole with those values. Again, we refer the interested reader to the 540 

onboarding document for more details and examples of this logic. 541 

 542 

Variable name mapping is typically determined in coordination with model developers by 543 

comparing each variable description in the model output to other similar variables already 544 

implemented for other models. This mapping is necessary to determine the best LaTeX 545 

representation of each variable to best correlate with the standard representation of that 546 

variable in literature (e.g. ‘rho’ for total density or ‘rho_n’ for neutral density). Each model 547 

reader stores the variable mapping in the model_varnames dictionary as key, value pairs 548 

accessible through the methods described above (e.g print(key, value[0] for key, value in 549 

model_varnames.items() after importing the model_varnames dictionary from the desired 550 

reader). Similarly, alignment of the variable data with a standard coordinate system defined by 551 

the SpacePy and AstroPy packages is also typically done in coordination with model developers.  552 

 553 

Other features not described here ensure compatibility with higher level functionalities, such as 554 

the flythrough function. For further details and additional examples, we refer the reader to the 555 



Page 18 of 37 

documentation, example notebooks, and code hosted at the NASA Kamodo GitHub 556 

repository20.  557 

 558 

Model Readers: Incorporating Custom Interpolators 559 

 560 

The standard interpolator, SciPy’s RegularGridInterpolator, and the interpolation schemes 561 

described in the previous section are only appropriate for spatial grids that are static in time 562 

and in each dimension, orthogonal, and do not include refinement (nested regions of 563 

successively finer resolution around objects). For models using non-standard grids, particularly 564 

in the geospace domain, custom interpolation routines are required, which are often written in 565 

languages other than Python for efficiency. This section describes our approach to easily 566 

accommodate those interpolators, using our work on the SuperDARN (an ITM model) and 567 

SWMF/BATS-R-US magnetosphere output data as examples.  568 

 569 

The SuperDARN model outputs are generated with two types of grid resolutions: a default grid 570 

of uniform resolution and an equal area grid. The default grid is trivial to interpolate across 571 

using the methods previously described, but the equal area grid has a longitude grid that 572 

changes resolution with latitude. In this situation, a custom interpolator was required. The 573 

custom interpolator function was simple enough to write in Python using the interp1d SciPy 574 

interpolator, but required the creation of a keyword option in the interpolation schemes to 575 

accept a custom interpolator (the func_default keyword, see Figure 11 below).  576 

 577 

Functionalizing the SuperDARN equal area output served as a test for the inclusion of a custom 578 

interpolator, but did not include a cross-language bridge since the custom interpolator was 579 

written in Python. We chose to functionalize the SWMF/BATS-R-US magnetosphere output data 580 

next because the output currently lacks a four-dimensional (spatial+time) interpolator for its 581 

complex grid, it is a commonly used model in magnetospheric physics, and required initializing 582 

and calling a custom interpolation routine written in C. Also, this work will be easily transferable 583 

to other model outputs utilizing an octree block grid structure, including the GUMICS (Grand 584 

Unified Magnetosphere-Ionosphere Coupling Simulation; Janhunen et al. 2012) and ARMS 585 

(Adaptively Refined Magnetohydrodynamics Solver; Wyper et al. 2018) models. More generally, 586 

the method we determine to efficiently incorporate this work into a Kamodo model reader will 587 

be extended to other custom interpolators, including those we are planning via collaborations 588 

(see the summary). 589 

 590 

The SWMF contains many component models, including the Block-Adaptive Tree Solar wind 591 

Roe Upwind Scheme (BAT-S-RUS: Powell et al. 1998) MHD solver that uses a block adaptive grid 592 

to resolve fine structures and shocks within the modeling domain (Figure 12). Each block is a 593 

cube composed of a fixed amount (at least 4x4x4) of same-sized cells. Blocks are arranged to fill 594 

 
20 https://github.com/nasa/Kamodo  

https://github.com/nasa/Kamodo
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the simulation domain at the coarsest refinement level. Blocks are refined into 8 ‘children’ by 595 

splitting each cell into two in each of the 3 dimensions. This forms an octree structure that can 596 

be followed to determine the leaf block (one without any children) for any given position in the 597 

simulation domain. 598 

 599 

The SpacePy package contains readers for many of the SWMF’s component models, including 600 

the pyBats package to read outputs of BATS-R-US. Kamodo utilizes the SpacePy.PyBats.IdlFile 601 

class and the read_idl_bin function to read the outputs formatted for visualization by the IDL 602 

scripts, including the MHD quantities of number density, pressure, velocity, current density and 603 

magnetic field on cell centers. PyBats, however, does not include an interpolator that takes 604 

advantage of the octree block structure of the BATS-R-RUS output21. 605 

 606 

 607 
Figure 11: Comparison of a simple lazy interpolation call (A) with a custom lazy interpolation call (B). Panel A is 608 
from the GITM model reader and simply reads the data for the required time step from the file and returns the 609 
data. Panel B, from the SuperDARN equal area model reader, also reads in the data for the time step from the file, 610 
but must navigate a more complex data structure (a grouped h5 file) and call an external custom interpolator 611 
routine designed for that data structure. Note the return statement of the function func in Panel A returns a 612 
NumPy22 array, while the corresponding statement in Panel B returns an interpolator. This different behavior is 613 
communicated to the interpolation software by setting the func_default keyword to ‘custom’ at the bottom of 614 
Panel B. See documentation and code for more details. 615 

 616 

 617 

To produce the standard visualization services at the CCMC, we have been using a custom 618 

package of functions written in C that traverses the octree grid structure to identify the leaf 619 

 
21 We are collaborating with the SpacePy developers to add a new keyword to the PyBats.IdlFile() script to prevent 

the reader of binary output files from automatically rearranging the grid positions close to each other by physical 
location rather than keeping them arranged by block identity and logical cell position (i,j,k) within each block. A 
pull request has been submitted for PyBats.IdlFile() to add the keyword sort_unstructured_data to allow the user 
to sort data as was done in the binary reader before or leave the data unsorted (see 
https://github.com/spacepy/spacepy/pull/584 for more information). 
22 https://numpy.org/  

https://github.com/spacepy/spacepy/pull/584
https://numpy.org/
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block for a given position and then implement a trilinear interpolation of the MHD variables at 620 

the position, similar to the RegularGridInterpolator in 3D. Python is an interpreted language 621 

and is much slower than compiled libraries derived from C sources when performing searches 622 

and numerical computation involving large arrays of data, so we have implemented a cross-623 

language approach to call the C programs and have linked a shared library of the C functions 624 

into Kamodo. 625 

 626 

627 
Figure 12: BATS-R-US grid structure: (a) Blocks forming the octree grid (from Fig. 1 of Toth et al. 2006) used by the 628 
SWMF BATS-R-US model’s magnetosphere (cartesian as shown), solar corona and heliosphere (spherical 629 
coordinates). (b) The CCMC’s online visualization service’s rendition of plasma (H+) number density N (colors) and 630 
the grid (black), sliced at Z = 0 R_E (Earth radius), in a CMCC magnetosphere simulation. Solar wind flows from the 631 
right and forms the magnetosheath (green to red colors) around the magnetosphere (lighter colors on left) and the 632 
Earth (shown at origin, surrounded by a black region excluded from the simulation domain). The sun is to the right 633 
in the figure. 634 

 635 

 636 

To be compatible with many SWMF/BATSRUS versions, the tree structure is reconstructed using 637 

only the positions contained in the original formatted binary output file and disregarding the 638 

tree information being written to a separate file in newer model versions. The interpolator 639 

implements a search in the octree grid structure and then performs trilinear interpolations 640 

within the leaf block to arrive at the desired interpolated value. In principle this can be re-641 

implemented in Python by defining the tree search and then using SciPy’s 642 

RegularGridInterpolator instances defined for each block for each quantity. However, this will 643 

become unmanageable and inefficient with the number of blocks exceeding 100,000 for large 644 

grids, and each block requiring the definition of a separate interpolator object. 645 

  646 
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Using the cffi package in Python23, one can easily specify interface functions among the C 647 

functions in the library that Python needs to access. Existing source files and other functions 648 

defined within the build script are packaged into a shared library that is then loaded like any 649 

other Python package (e.g. line 32 of the script referenced in the footnote below). This 650 

functionality has been successfully tested on both Windows and Mac machines and available in 651 

the current CCMC Kamodo version24, as demonstrated in the Kamodo plot of the functionalized 652 

Bz variable (Rastaetter et al. 2022 and Figure 13 below). This work will be extended to other 653 

model outputs with similar grids upon completion (e.g. GUMICS and ARMS), and more generally 654 

to other models requiring custom interpolation routines. The same method described here for 655 

including custom interpolation scripts can also be applied for custom file reader and conversion 656 

routines (e.g. the file converter for OpenGGCM compressed binary files mentioned earlier). 657 

 658 

Custom Visualizations 659 

 660 

Large datasets are typically investigated beginning with visualization methods, often resulting in 661 

complex scripts written by each user for each dataset. Kamodo greatly simplifies this process by 662 

offering a wide range of publication quality interactive graphics with a single line of code. 663 

Although any visualization package can be implemented in the Kamodo-core package, Plotly 664 

was chosen as the default visualization package during the early stages of development due to 665 

the quality and quantity of features available at the time. Plotly is a free open-source data 666 

visualization toolkit in Python that enables customizable images in a wide variety of styles. The 667 

visualizations are highly interactive (zoom, pan, probe, rotate), can incorporate time sliders, 668 

and are easily embeddable into web pages or dashboards, while maintaining their interactive 669 

functionality. 670 

 671 

Kamodo builds upon the Plotly capabilities to provide users a library of automatically generated 672 

plots. This internal registry of plotting functions is indexed by the function’s calling argument 673 

shape and return output shape. For example, if a plot is requested for a function called with N 674 

points returning N points, then a 1D line plot will be given (e.g. Figure 14). See the table of 675 

options in Kamodo’s visualization documentation and the associated figures for a complete list 676 

of the default plot types for a variety of function signatures25.  677 

 678 

 
23 https://cffi.readthedocs.io/ 
24 The link below is to the Python script that uses FFI from the cffi module (available via pypi) in Python to make a 

library. The cdef() method defines C data types and function declarations that Python needs to know about. The 
set_source() method defines C source code (lines starting with // are comments) needed in addition to code in files 
listed in the sources[] list. External libraries needed are listed in libraries[] (here: the math library libm.so is added 
with the -l compilation flag). The compile() method builds the shared library file (e.g., 
_interpolate_amrdata.cpython-37m-darwin.so on MacOSTM using Python 3.7). 
https://github.com/nasa/Kamodo/blob/master/kamodo_ccmc/readers/OCTREE_BLOCK_GRID/interpolate_amrdat
a_extension_build.py 
25 https://ensemblegovservices.github.io/kamodo-core/notebooks/Visualization/  

https://cffi.readthedocs.io/
https://github.com/nasa/Kamodo/blob/master/kamodo_ccmc/readers/OCTREE_BLOCK_GRID/interpolate_amrdata_extension_build.py
https://github.com/nasa/Kamodo/blob/master/kamodo_ccmc/readers/OCTREE_BLOCK_GRID/interpolate_amrdata_extension_build.py
https://ensemblegovservices.github.io/kamodo-core/notebooks/Visualization/
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 679 
Figure 13: Kamodo visualization of the gridded B_z variable in the SWMF magnetosphere output. The LaTeX 680 
representation of the Bz variable is given at the top and is overlaid by the standard PlotLy buttons on the top right. 681 
The interactive visualization shown displays the z component of the magnetic field at a Z value of 15.7 RE at 1.2 682 
hours after midnight UTC on Dec 18, 2010 for the TreShunda_James_071322_1 model run26. The custom 683 
interpolator described in the text was used to interpolate the displayed values at the indicated time and Z position. 684 
The grey box shows the X and Y coordinates of the mouse on the plot and the Bz value at the same location. Axes 685 
are shown in RE and colors correspond to the colorbar at right. The bow shock of the Earth’s magnetosphere 686 
reacting to the solar wind is evident on the right side of the plot. The solar wind originates from the Sun to the 687 
right (not shown), and the dark roughly circular area contains the Earth. The plot is produced using the same 688 
command as in Figure 9, but with a few extra lines to change the color map and the plotting method. The ‘Time 689 
slice…’ messages are produced by the underlying lazy interpolation logic. See documentation and text for details. 690 

 691 

 692 

We include a few examples to demonstrate the application of a selection of the default plotting 693 

types to functionalized science data using Kamodo. Kamodo registers the data, functionalizes it 694 

with user provided interpolation, and displays interactive plots via a simple command based on 695 

the shape of the data. Figure 14 shows a simple example with an array of 265 timestamps 696 

passed to a function that returns the synthetic density at each time and includes the commands 697 

necessary to generate the plot. The ‘kamodo.plot’ function call returns an object that can be 698 

displayed, exported in several ways, or further modified or combined to make other figures. As 699 

 
26 The data used to produce this plot is available at 
https://ccmc.gsfc.nasa.gov/RoR_WWW/output_files/KAMODO_DEMO/SWMF-GM/TreShunda_James_071322_1/  

https://ccmc.gsfc.nasa.gov/RoR_WWW/output_files/KAMODO_DEMO/SWMF-GM/TreShunda_James_071322_1/
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an example of combining Plotly objects, Figure 15 shows a plot object returned in Kamodo (the 700 

‘ror’ variable) from a model output (a CCMC Run-On-Request product27) and another returned 701 

from a data source (GOES-12 data, obtained from the HAPI (Weigel et al. 2021) interface to 702 

CDAWeb) (GOES: Geostationary Operational Environmental Satellites, Menzel et al. 1994). With 703 

a few lines of Python code in a Jupyter notebook28 (Kluyver et al. 2016), the plots can be 704 

combined, the labeling updated, and the resulting figure displayed (see Figures 21 and 22 for an 705 

alternate method). Other options available through Plotly are described in Plotly’s 706 

documentation29. 707 

 708 

The default Kamodo plots can also be used for datasets with higher dimensionalities through 709 

Kamodo’s partial_plot keyword as shown in Figure 9. In a single line, the four-dimensional 710 

dataset is reduced to two dimensions and displayed in an interactive plot similar to those in 711 

documentation. This is done by interpolating the data to the given slice values in the two 712 

dimensions not plotted and using the original coordinate grid for the remaining two dimensions 713 

(see documentation for more details30). However, these default capabilities are not sufficient 714 

for the community to fully understand the data presented in model outputs, especially given 715 

the high dimensionality of those outputs. 716 

 717 

While automated plots are important to enable users of all skill levels to get a meaningful plot 718 

easily, Kamodo and Plotly are capable of much more. A case study using the ability of Kamodo 719 

to extract data from simulation output along the path of a synthetic satellite trajectory will be 720 

used to highlight several custom plot options in Kamodo. (See Ringuette et al. 2022 for a 721 

thorough description of this and related capabilities.) For this example, a synthetic satellite 722 

trajectory was used to extract data from the CTIPe model run at the CCMC. One output from 723 

this extraction is the neutral density called ‘rho’ along the satellite path. Fitting into our 724 

automated plot mapping, the function requires an (N,3) dimensional input (position) resulting 725 

in an (N) dimensional output (density) with time as extra information. This would normally 726 

result in a standard image showing a 3D heat map, but we can customize this in several ways. 727 

The position components can be broken out and shown in a variety of 1D plots easily, but since 728 

Kamodo also provides coordinate transformation by utilizing an extension of SpacePy and 729 

AstroPy, more complicated custom plots can be created. The same data can be shown as a 2D 730 

contour plot with position mapped to longitude and latitude in spherical - GEI (Geocentric 731 

Equatorial Inertial) coordinates as seen in Figure 16. We refer the reader to the SSCWeb for an 732 

explanation of the coordinate systems used here31.  733 

 734 

 
27 https://ccmc.gsfc.nasa.gov/tools/runs-on-request/  
28 https://docs.jupyter.org/en/latest/  
29 https://plotly.com/python-api-reference/  
30 https://ensemblegovservices.github.io/kamodo-core/API/#multi-function-plots  
31 https://sscweb.gsfc.nasa.gov/users_guide/Appendix_C.html  

https://ccmc.gsfc.nasa.gov/tools/runs-on-request/
https://docs.jupyter.org/en/latest/
https://plotly.com/python-api-reference/
https://ensemblegovservices.github.io/kamodo-core/API/#multi-function-plots
https://sscweb.gsfc.nasa.gov/users_guide/Appendix_C.html
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 735 
Figure 14: Python code to generate a 1D line plot from an input and output shape of N. The first block of code 736 
shows the import statements, the second block demonstrates the functionalization of a sample one-dimensional 737 
data set, and the third block shows the simple command that generates the plot at bottom. Note the LaTeX 738 
representation at the top left of the plot showing the functionalized variable, and the automatically labeled axes. 739 
The plot is fully interactive with zoom, pan, and similar features (not shown). 740 

 741 

 742 

The Python code above the figure illustrates the syntax of this plotting routine. In the code 743 

block displayed, two import statements are executed, then the SFcsv_reader function is used to 744 

read data from a csv file into a nested dictionary, and the SatPlot4D function is used to create 745 

and display a fully interactive plot, each accomplished in a single command. The various 746 
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components of the ‘cdf_dict’ variable are the one-dimensional time series arrays containing the 747 

timestamps (‘utc_time’), position information (‘c1’, ‘c2’, and ‘c3’), and the variable calculation 748 

results (‘rho’) with the units. The three values from the metadata section of the dictionary used 749 

in the command are the name of the model used and the coordinate system information. Users 750 

can choose from a range of options such as the plotting coordinate system, labeling, trajectory 751 

slicing methods (e.g. ‘all’ in Figures 16 and 17, and ‘orbitE’ in Figure 18), and the option to save 752 

the plot to an html file with complete interactivity preserved in the file. The ‘2D’ choice for the 753 

‘type’ keyword produces the plot shown in Figure 16. Changing the value of this keyword 754 

produces other representations of the same data such as shown in Figures 17 (‘2DPN’) and 755 

Figure 18 (‘3D’). See documentation for further information. 756 

 757 

 758 
Figure 15: Python code to combine two Kamodo plot objects (top) and display the updated figure (bottom). The 759 
‘fig2.data[2]’ selects the B_z value out of the three components of the B vector in that plot object. The data used 760 
to generate the plot was extracted from run GEM_CEDAR_082015_3, which can be obtained from the CCMC’s 761 
Run-on-Request service32. 762 

 
32 https://ccmc.gsfc.nasa.gov/results/viewrun.php?domain=GM&runnumber=GEM_CEDAR_082015_3 

https://ccmc.gsfc.nasa.gov/results/viewrun.php?domain=GM&runnumber=GEM_CEDAR_082015_3
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 763 
Figure 16: Mapping of full trajectory to latitude and longitude position colored by density. The code in the block 764 
above the plot shows the required syntax to produce the plot. Data is read in from a file with a single command, 765 
and then fed into the plotting command to produce the fully interactive plot shown at the bottom. The position of 766 
the satellite is shown in GEI spherical coordinates after an automatic conversion from the GDZ spherical coordinate 767 
system. The fully interactive plot is displayed in the notebook as well as saved to a html file, ‘Figure15.html’, which 768 
can be viewed later or placed on a web page. 769 

 770 

 771 

Another view frequently used by scientists is a view from above the North pole. Figure 17 772 

shows the density values and satellite trajectory over the Northern hemisphere in GEO 773 

(Geographic) coordinates with Earth continent outlines for context. This image also shows an 774 

information box hovering where the mouse pointer is positioned on the plot. Plotly images are 775 

interactive, showing additional meta-data for points near the current cursor location. In this 776 

case, the GEO X, Y, and Z positions, the GDZ (Geodetic) longitude, latitude, and altitude (lon, lat, 777 

alt) position, the density value and units, and the timestamp in UTC are shown. 778 

 779 
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 780 
Figure 17: Position and density value displayed from a North polar view with additional hover meta-data. The code 781 
shown above the plot uses the same data retrieved in Figure 16. The plotting command (using SatPlot4D) is almost 782 
identical to that in Figure 16, with only a few altered keyword values to produce the plot shown. The position of 783 
the satellite is shown in GEO coordinates to allow a land/water layer under the plot for position context.  784 

 785 

 786 

Note that while these images are shown as static, the actual plots can be manipulated via zoom 787 

to view specific regions, and via rotation for 3D imagery. These plots were created using the 788 

same Kamodo plotting utility function with just a few minor changes to a couple of calling 789 



Page 28 of 37 

arguments. While they show the diversity of ways to display data and bring in contextual 790 

imagery, they still do not address the dynamics of time. To incorporate this dimension more 791 

interactively, we use a slider, directly supported by the Plotly features, to scroll through time. It 792 

can also be configured with play/pause buttons to start the animation. A sample capture of this 793 

type of display is shown in Figure 18, and only requires small changes to the plotting commands 794 

used in Figures 16 and 17. 795 

 796 

 797 
Figure 18: Full satellite trajectory broken up in orbits when the satellite crosses the equator heading North in GSE 798 
coordinates. The animation can be played or viewed by dragging the orbit slider on the bottom. Note the plotting 799 
command included above the figure uses the same data retrieved in Figure 16 and has almost identical values. 800 
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One other highly beneficial option provided with these Plotly visualizations is the ability to save 801 

them to html, allowing them to be used as dynamic plots in web browsers. The resulting file 802 

includes all the data necessary to reproduce the graphic and interact with it on the client side. 803 

To see the interactive nature of these, you can view Figures 16, 17, and 18, online33. 804 

 805 

These visualizations are, of course, highly customizable at a fairly novice level. In a Jupyter 806 

notebook or Python script, Kamodo can return an object that can be displayed or further 807 

modified before display. In the example in Figure 14 above, an object called ‘fig’ is returned and 808 

then displayed. This object can be modified through simple Python calls described through 809 

comprehensive Plotly online documentation or through direct object manipulation.  810 

 811 

Two examples of advanced customization are given in Figures 19 and 20. Figure 19 was 812 

customized from a Kamodo default plot, and Figure 20 was built by layering in some advanced 813 

customization of magnetic vectors into a SatPlot4D default figure. Figure 19 shows a highly 814 

customized plot with the GRACE-1 satellite34 (Wahr et al. 2004) flown through a GITM run at 815 

the CCMC (trajectory obtained from the SSCWeb). The model and satellite were chosen as a 816 

pair due to their overlapping altitudes. GITM simulates the ionosphere thermosphere system 817 

around the Earth from about 90 km to 600 km altitude, and the GRACE-1 satellite orbits at 818 

around 400 km to 500 km altitude. The satellite positions (retrieved from SSCWeb) were 819 

extracted from the GITM output with eight additional extractions made on a +/- 100 km box 820 

around the actual satellite position. The minimum and maximum values are shown as an 821 

envelope of values to represent a positional error bar. The satellite positions are also shown on 822 

the same plot using a separate Y axis scale (right axis). Probing the plot results in a display of all 823 

values at a given time. 824 

 825 

Additional customized figures are also possible for the vectors in the magnetosphere and soon 826 

for other domains. Figure 20 shows magnetic field values calculated from model output for the 827 

GOES-13 satellite (a geosynchronous orbit around the Earth) (Hillger and Schmit 2009). The 828 

positions of the GOES-13 satellite were used to extract values from a global magnetosphere run 829 

at the CCMC. This extraction can then be visualized in Kamodo in several coordinate systems. 830 

The magnetic field vectors can also be added or removed and their cadence adjusted. 831 

 832 

 
33 https://ccmc.gsfc.nasa.gov/Kamodo/Figures/  
34 https://www.nasa.gov/mission_pages/Grace/index.html  

https://ccmc.gsfc.nasa.gov/Kamodo/Figures/
https://www.nasa.gov/mission_pages/Grace/index.html
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 833 
Figure 19: Customized plot with overlay of multiple line plots for an extraction of neutral temperature (Tn) values 834 
along the GRACE-1 satellite trajectory through a GITM model run. The dark blue line shows the neutral 835 
temperature (left axis), the soft blue shading shows the positional error determined from the additional 836 
extractions described in the text, and the remaining three lines show the position of the satellite in geodetic 837 
coordinates (latitude, longitude, and altitude on the right axis). The colored boxes contain the color-coded values 838 
of each variable on the plot, and update with the user’s mouse movements. The data used in this plot is available 839 
through the CCMC’s Run-on-Request service35. 840 

 841 

 842 
Figure 20: A customized plot showing the values from the GOES-13 satellite position extracted from a CCMC global 843 
magnetosphere run. The plot is broken up with a slider to select one day of data at a time. The color is the 844 
magnitude of the magnetic field at that position. The black spikes are the magnetic field vector at every 10th point 845 
along the satellite path. The mouse hover box shows the precise values at that position. The data used to generate 846 
the plot is the same dataset as in Figure 15. 847 

 848 

 849 

 
35 https://ccmc.gsfc.nasa.gov/results/viewrun.php?domain=IT&runnumber=Sophia_Schwalbe_062220_IT_4 

https://ccmc.gsfc.nasa.gov/results/viewrun.php?domain=IT&runnumber=Sophia_Schwalbe_062220_IT_4
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Comparing Data Across Models 850 

 851 

Combining the capabilities discussed so far results in a powerfully simple method to directly 852 

compare results across models, despite various file formats, disparate coordinate grids, and 853 

custom interpolation methods. Figure 21 demonstrates how this can be done with minimal 854 

coding using ion temperature modeled with the CTIPe and GITM models for a given storm day 855 

as an example. With a simple import statement, the ion temperature data from each model is 856 

functionalized with a few lines of code in the first two blocks, each block identical in syntax to 857 

the other. The functions are then collected into a single Kamodo object in the third block. This 858 

Kamodo object is used to plot the two datasets at identical slices in time and height for direct 859 

visual comparison in Figure 22. The same single line of code shown in Figure 9 is used to 860 

produce the two plots, each then followed by a line of code demonstrating some simple 861 

modifications for a smoother visualization. This example workflow can be adapted to plot and 862 

compare any variable from any model already included in Kamodo via a model reader. 863 

 864 

 865 
Figure 21: First part of an example workflow directly comparing simulation results. The figure demonstrates the 866 
syntax to functionalize simulated data from two different models. In this case, simulated ion temperature data 867 
from the CTIPe and GITM models are functionalized with identical syntax (Panels A and B) and then combined into 868 
the same kamodo_object variable (Panel C). The two datasets are plotted in the next figure. This workflow can be 869 
adapted to be used for any variables and any models included in Kamodo via a model reader. 870 

 871 
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 872 
Figure 22: Second part of an example workflow directly comparing simulation results. In this portion, we use 873 
identical syntax to produce plots of simulation ion temperature data from the CTIPe (top) and GITM (bottom) 874 
models for the same day. The lazy interpolation messages are only printed the first time a given time slice is 875 
loaded, so are not shown here. This workflow can be adapted to be used for any variables and any models included 876 
in Kamodo via a model reader.  877 

 878 
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Summary 879 

 880 

The model reader structure described above enables several important functionalities for the 881 

Heliophysics community. For the first time, users with little programming experience now have 882 

a simple, intuitive, and model-agnostic method to access and utilize model data from multiple 883 

physics-based and empirical models in their research without needing to understand the 884 

complexities of the various file formats and the interpolations necessarily involved. Basing this 885 

software functionality on Kamodo further simplifies analyses and comparisons of these data 886 

among multiple model outputs via the additional capabilities available through that package. 887 

Another important benefit of using Kamodo is the simplification of interoperability with other 888 

python packages (see Polson et al. 2022 and Ringuette et al. 2022 for two examples). We note 889 

our work is easily extensible to observational and model data in other fields. We refer the 890 

interested reader to the examples on the NASA Kamodo GitHub repository, especially the 891 

Kamodo onboarding instructions document, to achieve these same capabilities for their 892 

datasets. Users can obtain Heliophysics model data for a large collection of models by visiting 893 

the CCMC website36. 894 

 895 

Several model readers for the magnetosphere domain are pending completion of the SWMF 896 

(global magnetosphere portion, Toth et al. 2007) model reader, and others are independently 897 

in development. The custom interpolator design for the SWMF/BATS-R-US model reader will be 898 

applied to model readers in development for the GUMICS and ARMS model outputs which have 899 

similar model data grid structures. The ARMS model reader will be our first venture into the 900 

solar corona domain. The model reader structure and custom lazy interpolation design will also 901 

be more generally applied to models developed via collaborations, such as GAMERA (Grid 902 

Agnostic MHD for Extended Research Applications, Zhang et al. 2019), VERB (Versatile Electron 903 

Radiation Belt code; Wang et al. 2019), MARBLE (Magnetosphere Aurora Reconnection 904 

Boundary Layer Explorer, Bard & Dorelli 2021), and RAM-SCB (Ring Current Atmosphere 905 

Interactions Model with Self-Consistent B field; Zaharia et al. 2010). Initial development has 906 

also begun for CIMI (Comprehensive Inner-Magnetosphere Ionosphere model, Fok et al. 2014), 907 

the first for drift-kinetic model output.  908 

 909 

In parallel to our efforts to expand the library of models and domains represented in Kamodo, 910 

we are also working to expand the utility of Kamodo, both for general users and for CCMC 911 

applications. The unique model-agnostic capabilities possible through the model readers are 912 

currently the basis of development of further functionalities, such as a collection of similarly 913 

simplistic flythrough functions to ‘fly’ a given trajectory through a set of model data, which 914 

greatly simplifies analyses involving comparisons of observational and model data, and tools 915 

enabling studies of satellite constellation trajectories and arrangements (to be described in 916 

future works). Sample workflows for a variety of science applications are being added to the 917 

 
36 https://ccmc.gsfc.nasa.gov/  

https://ccmc.gsfc.nasa.gov/
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NASA Kamodo Github as they are completed, and are freely available for users to adapt to their 918 

own purposes (or contribute their own). These workflows are not only based on Kamodo’s 919 

capabilities, but also include other Python software packages commonly used by the 920 

community (e.g. Polson et al. 2022). 921 

 922 

At the CCMC, initial work has begun to use Kamodo for CCMC’s Instant Run interface for a 923 

selection of models, and a sample usage for CCMC’s Runs-on-request visualization is being 924 

planned, including a selection of derived variables. We are also planning development of one-925 

way and two-way model coupling for model codes written in different languages, which will 926 

depend upon a new interactive cross-language Kamodo interface coming soon from Ensemble. 927 

This new plug-and-play approach to model coupling promises to drastically simplify the model 928 

coupling problem to a similar degree as the simplification shown in this work for direct access 929 

to model data. In addition, we are investigating how to add a HAPI interface on top of 930 

Kamodo’s flythrough capability, and eventually on top of the model readers themselves. 931 

Ensemble, our development partners, is developing a system that automatically containerizes 932 

model output and enables automated container deployments on an Amazon Web Services 933 

cloud with the appropriate CloudFormation37 scripts. In the long term, we intend to offer CCMC 934 

users these functionalities to enable reduction and visualization of model outputs on the cloud, 935 

thus reducing the data users need to download. 936 

 937 

Maintaining this software as open-sourced code, despite the restrictions inherited from its 938 

NASA origins, is imperative to enable collaboration with Heliophysics community members – 939 

commercial, government, and academic – to improve and expand this resource. Although this 940 

capability is currently only available for a small selection of models, we are collaborating with 941 

the community to expand this resource to include additional models. We invite the reader to 942 

contact the authors to initiate such a collaboration if the reader so desires. Even now, Kamodo 943 

is growing in its range of application and utility. We are working to apply this technology to 944 

create the next generation of science software for the heliophysics and space weather 945 

communities. 946 
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