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AbSt ract: Model Data Comparison and Ensemble Modeling Examples Model-Data Comparison Workflow using Kamodo and Pysat Demo notebook for Kamodo's Reconstruction: Spherical Coordinates Our Team:

One can easily compare results from multiple models by simply running the chosen flythrough function for the same trajectory and times for different model This workflow uses Kamodo to compare simulated in-situ values with observational values along a satellite trajectory. .
outputs. Blocks 1-4 show this process using the RealFlight function. You can easily plug in other flythrough functions by copying the code from the chosen The short version
. function's notebook into block 1, and other models and variables. Feel free to plug in other options and play! Use the START HERE notebook to walk you ] . . . ) ) . . . . . . CC M c S ff'
Ka m Od 0 IS ad powe rfu I pyt h on SOftwa re through how to choose the best model and model datasets available on your rﬁac?hine See t':\e InputOquuB;‘Demo Hotebook for more information on wlrat can Calculating the simulated values along a trajectory This notebook tutorial shows how to fly a constellation of satellites through model data as a virtual reality, focusing on spherical coordinate examples. ta °
. . . . . . . . ’ . . ] N . Trajectories can be obtained either from the test GDC trajectory file or the flythrough trajectory functions as shown here. See the Trajectory_Coord_Plots demo
pa C ka ge ba Se d O n d ata fu n Ct I O n a I IZat I O n ) be done once the results are functionalized. The relevant data is then retrieved via CDAWeb in block 5 and used in function DomPOSItIOFI to compare with the The followmg block retrieves a real satellite traject{jr‘y from SSCWeb and calculates the simulated values of the FEQUEStECI vanable(s) for each lraJEGtOF‘y notebook for examp|es on ﬂy‘[hrgugh trajectory optionsl and the START _HERE notebook for more information on chgosing models and variables. htt ps ://CC m C . gSfc . n a Sa . gOV/Staff/
average of the model data results. location. The code snippet below works for a variety of model names, satellites, time ranges, variables, and coordinate systems, so feel free to play. The
Once a given data Set iS functionalized’ a output of the RealFlight function is functionalized with a single line at the bottom of the block. The output of kamodo_object shows the LaTeX representation of e e e e e
. . . Fly a real satellite trajectory through three different model outputs and functionalize the results. the variable(s) requested in the RealFlight function call. e kamodo_ccmc,ﬂ;thmugh import model wrapper as MW R EbECCCI R Ing vette: MOdel
Iarge Va I’IEty Of Ca pab|||t|es are eaS||y mc_)del, file_(zlir‘ = "GITM', 'D:/(_EITM/]_'aSoon_shim_@?ldlS_IT_l_tenthf' # change to match your machine .
. . . - - # Run the flythrough for the desired models and variable(s). from kamodo_ccmc.flythrough import SatelliteFlythrough as SF times = thFlle_Tlmes(mc_ndel, fll?_dlf‘) |nte rfa CeS, metadata,
dCcCessl ble IN Ka mOdO, |nCI Ud | ng un |t from kamodo_ccmc.flythrough import SatelliteFlythrough as SF import datetime as dt times [e] .tlmgstamp(), tlmes[:i] .timestamp() _
5 4 15 junction aLso automaticacly peryorms any adtd prepardtion needed.
. . . . import datetime as dt R - CLalE LA f L £ el ﬂythrOugh and Other
conversions, custom analy5|s via function _ _ , # set input values for RealFlight function call. UTC time ranges “lras
# Set input values for RealFlight function call. model = 'TIEGCM' e T e e CCMC ca pabllltles
t . t t bl t |t ctipe file dir = 'D:/Kamodo Data/CTIPe/Storm 201303/’ file dir = 'D:/Kamodo_Data/TIEGCM/Uriel Ramirez_©12517 IT 1/’ . |
composition, Interactive publication quality citm File dir = 'D:/GITM/Storm 201303/ - e N o Start Date: 2015-03-17 Time: 00:00:00 |
. l . d L T X d . Th waccﬁx_fiie_dir‘ = 'D: /WACCMX/SEUPm_Z@lB@B,’“ start utcts = dt.datetime(2015, 3, 18, 8).replace(tzinfo=dt.timezone.utc).timestamp() End Date: 2015-03-19 Time: 01:48:59 LUtz RaStaetter- Inte na
ViSUa |Zat|0ns, an dale enco |ng e start_utcts = dt.datetime(2013, 3, 16, ©).replace(tzinfo=dt.timezone.utc).timestamp() end utcts = dt.datetime(2015, 3, 21, ©).replace(tzinfo=dt.timezone.utc).timestamp()-1 (1426550400.0, 1426729739.996338)
. iy . . end utcts = dt.datetime(2013, 3, 17, @).replace(tzinfo=dt.timezone.utc).timestamp()-1 variable list = ['T_i'] # list of desired variable names cross-la Nguage
entlrety Of Ca pab|||t|es ava||ab|e N KamOdO variables = ['T i'] # one or more variable names to retrieve coord type = 'GEO" # GEO cartesian coordinates for the trajectory. # Import function to retrieve the gracel trajectory from the SSCWeb . f . I d
d = '"GEQ' # ted tesi t tellit 111 results = SF.RealFlight(dataset, start utcts, end utcts, model, file dir, a
coora_sys requested cartesian system for satellite positions ght( - Y - from kamodo ccmc.flythrough import SatelliteFlythrough as SF Inter acesl SpeCIa PAS

variable list, coord type)

are easily applied to both simulated and
observed data across the multiple domains
of Heliophysics and even in other

# Typical coordinates possible through SSCWeb are GEO, GSE, SM, and GSM (all cartesian and in R_E).
input coord = "GEO'
traj dict, coord type = SF.SatelliteTrajectory('gracel’, times[©].timestamp(), times[1].timestamp(), coord type=input coord)

interpolators, CCMC-Vis,
team management.

# Fly the cnofs trajectory through the simulated data chosen. See SSCWeb for the satellite names.

results ctipe = SF.RealFlight('cnofs’, start utcts, end utcts, 'CTIPe’, ctipe file dir,
variables, coord sys)

results gitm = SF.RealFlight('cnofs’, start utcts, end utcts, 'GITM', gitm file dir,

# Functionalize the results
kamodo object = SF.0.Functionalize SFResults(model,results)

e ol g Attribute/Key names of return dictionary: dict _keys([ 'sat _time', "c1', "c2', 'c3'])

variables, coord_sys) Attribute/Key names of return dictionary: dict keys(['sat time', 'c1', "c2', 'c3']) : i ) _ . 1
diSCl Iines ThlS WO rk |ncludes a va rlet Of results wacemx = SF.RealFlight('cnofs’, start_utcts, end_utcts, "WACCMX', waccmx_file dir, 21 times are not in model output files and are excluded from the flythrough. # Convert coordinates to system desired for reconstruction to take place in. Darren De ZEEUW. GItHUb
p * y variables, coord sys) Some requested variables are not available: ['H ilev'] # The trajectories were retrieved in GEO cartesian, and are converted to GEO spherical below. t
c - c - — : : ~ Retrieving the H ilevl variable instead. from kamodo ccmc.flythrough.utils import ConvertCoord managemen )
sclence Workﬂows u5|ng KamOdO N ixgtsbute/l(ey nimt_as ofdr‘itur‘z dic;}inar‘y:ddlct_keyi(g'33;_t1m$i‘], filﬂf] 'czi'], 'c3']) Inverting the pressure level grid. Please wait... c1, c2, c3, units = ConvertCoord(traj dict['sat time'], traj dict['c1'], traj dict['c2'], traj dict['c3'], Vlsuallzatlon metadata
imes are not 1n model output files and are excluded from the flvthroueh. input d, ' Y, i t d, 'sph’ .
combination with other resources, Tine slice index 14 added from file. o B ST e utc timers st met it et RES, fcats RE, a3t R E) print(ct.min), cLaax(), c2.uin(); c2omax(), coRInQ), Comx0) , '
including Wlth Other pythOn SOftwa re # Functionalize the data. T, (time)[K] = A(time) -179.9064985622182 179.91158102702934 -88.98756139868595 88.99006780797983 1.85990969924370896 1.08644682426787557 Kathe”ne GarCIa-Sage'
kamodo_object = SF.O0.Functionalize TimeSeries(results_ctipe[ 'utc_time'], 'CTIPeT i°, Orbt r t N nd
packages, that expand the utility of X', results_ctipe[ 11 1) # Choose inputs. 't propagation a
’ kamodo_object = SF.O.Functionalize_TimeSeries(rl‘e?ults_gitm['L_jtc_“Eimg:], 'GITMT_i',. Downloading and cleaning the observational data variable name = 'rho n' # from chosen files above Sate|||te reconStrUCtlon
KamOdO even fu rther These WOI’kﬂOWS ] ) ) ) ) Ko PESU:LtS_glF"‘[ T1 ]’. ka'!‘DdO_ObJe'?F) recon_dimensions = ‘clc2' # Longitude vs Latitude reconstruction for spherical coordinates
. kamodo_object = SF-U-FU"CtlﬂnallZE_TIMESEPlES('I‘E§U1t5_W3CC“"X[ utc_time’ ], "WACCMXT_ i°, The following code block uses pysat to download and clean the observational data. The satellite is chosen to be the same satellite as in the above block so the recon_option = ‘Unmod AvgDslice' . _ _ StUdies eXternaI affairS
include model_d ata com arisons kamodo obiect S0 [ HEELE 28 2 B S 5 LE L2t W0 539, same trajectory is used. The instrument is chosen to correspond to the same variable as in the simulated data above for a proper comparison. Please feel free # fly the given trajectory through the_dam unmodified, then fly the reconstructed coordinate grid through the data ’ ’
P ’ S to change the satellite and variable names in parallel with any changes in the above code block. Keep in mind that different satellites are stored in different # after taking the average of t and height. _ _ ) GDC Support
ensemble modeling examples Satellite CTIPeT; (time)[K] = A(time) sections of pysat, which may require installing additional portions of pysat. ioggoffse;; = ['E,}('j’ 39'; i?" 9?" 12@'; 15?'_] #TE S?EHIEES E’qUﬂiii_SPGCii ”z Longti;de - .
) e _ 2 oose the grid resolution of reconstruction. The finer the resolution, the longer the program takes to run an
- c c glggﬁ;??f[fn]e)[;](f;mzzﬁme) # Get CINDI ion temperature data using pysat. # t!_}e more ‘J-_:otes_' you wif:[ see in tf_]e r‘econstmjrr:ted plot. Physically, these shouiq‘ be set to f:f_le instrument’s
mission planning examplesl and Other i import pysat # pip install pysat # field of view in the units of the input coordinate system (e.g. degrees for longitude and Latitude, seconds for Ensemble Govern ment
. . c - - import pysatNASA # pip install pysatNASA # time, etc).
appllcatlons a” Of Wthh are freely Next, perfonn some ensemble modellng analysm and plOt the results. dx, dy = 4., 2. # Since recon dimensions="clc2’, dx is resolution in longitude, and dy is the resolution in latitude. A
/ pysat_datadir = 'C:/Users/rringuet/Kamodo Data/pysat data/' dl, d2 = 18@0., 8.001 # time (in s) and height (in R _E) resolution of sampling for averaging Se rVIceS pa rtners:
. ’ . ) ) . . - LT - . )
S TEeiren w snlD ETEDelaE T E S e T el # pysat.params| 'data dirs'] = pysat datadir # Only needed the first time. # Run th e
avallable on CCMC S KamOdO GlthUb page k df biect fa; delA g : =y' CTIPeT i GFI}TMT i + WACCMXT i)/3." pysat.utils.registry.register([ 'pysatNASA.instruments.cnofs _ivm']) L _ e reconstruction. . . .- . . .
amodo_object[ "ModelAverage[K]"] ( el + Lt _1)/3. : , N A . , , recon = RECON(model, variable name, file dir, traj dict['sat time'], c1, c2, c3, https WWW ensemb|eCOnSU|tanCy com
1 1 kamodo object['CTIPe diff'] = "abs(ModelAverage - CTIPeT i)' ivm = pysat.Instrument(’cnofs’, "ivm', inst_id="", clean_level="clean’) : Yenh " : : : _ _ - _ _ . . .
for the Commun|ty to adapt to the“" own S bJ' [ diff'] bs (Model & y start download date = dt.datetime.utcfromtimestamp(start utcts) input_coord, ‘sph’, recon_option, recon_dimensions, c1l offsets=lon_offsets, dx=dx, dy=dy, dl=d1, d2=d2)
amodo_object['GITM diff'] = 'abs(ModelAverage - GITMT i)’ i | = dt. . . T c
h . - h b K d kamodo_object['WACCMX_diff'] = 'abs(ModelAverage - WACCMXT i)' stop_download_date = dt.datetime.utcfromtimestamp(end_utcts) _ Grid flythrough completed in 1015.87844 s. government—serVICes
uses ( ttpS.//glt u .COm/nasa/ dMO O). kamodo_object # WT.dgn;gLiad(itrﬁtadow;Lojdadif:e, s:;og_gownioadadati) d#dair";*ady on machine Reconstruction program complete in 1030.74607 s. y
. . . ivm.load(date=start download date, end date=stop download date .
We invite the community to use these CTIPCT, (time)[ K] = A(time) - - o . Oliver Gerland and
GITMT; (time)[ K] = A(time) # The ou?put of the function is g Kamodo object with qLi of the default features q‘escmbed in documentation. )
WOFkﬂOWS and to Contribute thell’ own to WACCMXT; (time)[K] = A(time) Functionalizing the observational data # rho n is the r‘econstr‘uctfgd dc_xta from the cons_tettatmn flythrough. rho n model 1is the_* data from the model in the COmpGnyl Core KamOdO
CTIPeT; (time)  GITMT; (time) WACCMXT; (time) # method chosen. PercentDiff is the percent difference between the two, calculated using
share ModelAverage (time)[K] = 3' 3' 3 : Next, we must functionalize the observational data to access the capabilities of Kamodo for the comparison. Pysat returns data in pandas dataframes, so a few # percentDiff = (rho_n_model - rho_n)/rho_n_model*160. ca pabl|ltles expe rt bu g
) CTIPeg;; (time) = abs (— CTIPeT; (time) + Model Average (time)) lines of code are necessary to retrieve the utc timestamps. Once that is completed, the observational time series is functionalized in a single command el ’
GITM_;; (time) = abs (— GITMT; (time) + ModelAverage (time)) (kamodo_object = ...). With both the simulated and observational data in the same Kamodo object, various Kamodo capabilities can be used to analyze the pu(Lon[deg], Lat[deg])[ kg ] = i(Lon, Lat) Sq u aSherS.
WACCMX 4 (fime) = abs (ModelAverage (time) — WACCMXT; (time)) datasets, including function composition as shown at the end of the block. If a different measurement is used in the previous blocks, you will need to use " ’ m3 ’
o pysat's features to retrieve the proper unit and variable name for the observational data. prmoder( Lon[deg), Lat[deg])[ _§ 1= A(Lon, Lat)
u m ma r # Now we can plot model and calculations on the same figure with the difference m Ackn Owledgementso
e PercentDiff( Lon[deg], Lat|deg]) = A(Lon, Lat) o

kamodo object.plot('CTIPeT i', 'GITMT i', 'WACCMXT i', ‘'ModelAverage®', 'CTIPe diff', 'GITM diff", 'WACCMX diff") # Convert pandas timestamps into utc timestamps

import numpy as np
c . ; . o (time) — ahe A e ; o el Ve & utc time = ivm.index.values.astype(np.int64)/1e fig = recon.plot(rho n=dict(Lon=recon.x, Lat=recon.y)) Russen StonebaCk for
Th ree SCIence Workflows USIng Kamodo WACC.MXLIIH (HmLJ - ﬂbh(MOdLlf‘ﬂ-Cl ﬂgC(Hme’) WACCM X} @. m — | ype(np 64)/1e9 -Fig.update_tr[iaces(Colorscale.:"\fir‘idisf, nEO?tOHPS:zg@{ . .
are presented here: 2500 /l ﬁ /l /i — CTIPeT_i[K] ia?’ngjoigb?zgidi EEJ.(?.:IEllmctionalize_TimeSeries(utc_time, "CINDIT i", 'K', fig contoursiict{coloring= b showtines=ratee)) aSSIStance Wlth the KamOdO_
—— GITMT_i[K] ivm.data[ 'ionTemperature’].values, ko
H — i amodo_objec «(Lon[deg], Lat[deg))[-%] = A(Lon, La
1. The Model Data Comparison and ﬁ f / e comndo object]‘DIFF] = ‘abs(cinomy i 1 3 ete-obIect po(Lonldeg]. Lat[deg)[] = A(Lon. Lar) pysat notebook.
. . M CTIPe_diff kamodo_object - Ry, o~ T
Ensemble Modeling workflow is J l LHI ] = S R i F TS ¥ 3
. 1500 | WACCMX_ift gilg‘[;’;?r)[f] —}E‘g]”"ﬂ( ) =E::=§.=E: P..335.3% 38 . 333 $i:iii N
: : 5 - i (time = A(time gt R Ty s PN 1Sy it il n °
B UTE OB Rl A, WSl VYA DIFF i) = s (CINDIT, ()T, e I AU F g T Related Materials:
part performs a flythrough of a given e SEEREE It R S I
. . = Visualization ¥ 3 = E. - §E§ .33 23
trajectory through three different 500 T | | o | S < i b Related Posters and Papers:
. . Now that the simulated and observational data have been functionalized, we can easily plot any functions desired with a single command. The figure can be 3 p °
m0d6| OutputS IN the ITM dOmaIn and o saved in full interactive form. Please see the Plotly documentation for more details on this feature. https:/plotly.com/python-api-reference/index.html B> =t "3 = - o SH42E 2338 Ma netic Ma in in
performs d Slmple ensemble analySIS " Dlﬁéﬂgmq 06:00 12:00 18:00 # Now we can plot model and data on the same figure with the difference *EEE :&:g; EI: § E::Eg I*Egzé E*EEE th I M . f h pp g
. aranams kamodo_object.plot('T 1°,° i‘,' ' EEE, ;- EE:, ;331 : :’E::: +§E:E: - EEEE e inner agnetos ere usin
The second part shows how to retrieve rime Somee POt G iR gt tatat Dt 1 SRR I 8 P 8
and functionalize observational data Now refri - : : DI amey = sos (CIRDIL (time) =y ime) e = MR o nikg/m*3] L
ow retrieve some relevant observational data and easily perform model-data comparisons. ~100 0 100 e SA32D-1694: Enha nced Visua l ization
using SPDF’s HAPI server and compare o — Tk Lonlde '
# Get CINDI data through HAPT T e o using Kamodo for CCMC ITM Instant
it to the simulated results. 7,140 sonetiogs comLeins. if tat happen, st run the notebook gain —or Fig = reconsplat(rh. . modkl=dict{Lomrecan.3, Laterecons) o
. - ’ ’ fig.update traces(colorscale="viridis", ncontours=200, uns
2. The MOdEI'Data COm arlson server = ‘https://cdaweb.gsfc.nasa.gov/hapi’ 4000 . contours=dict(coloring="fil11",showlines=False)) . .
. p dataset = 'EEEFS_‘CINDI_IVE_E@BMS' ° ’ A fig e Kamodo’s Satellite Constellation
arameters = 'lonTemperature’ Z . g
Workflow USIng KamOdo and Etar‘t = dt.datetime.Etcfr‘omtimestamp(star‘t_utctsj.replace(tzinfo:dt.timezone.utc).isofor‘mat(‘T') : 7000 Prmodet (Lon|deg], Lalldegl)l%] = A(Lon, Lat) M|SS|On Plann|ng TOOI SMZSC-ZOOZ
. stop = dt.datetime.utcfromtimestamp(end utcts).replace(tzinfo=dt.timezone.utc).isoformat( 'T") :T—_:
pysat ShOWS hOW to use Kamodo W|th hapiCDA = HAPI(server, dataset, parameters, start, stop) = 2000 ° Developing an Executable Paper
pysat to compare model output with kamodo, object = SF-0-Functionalise. Timeserea(hapiCOA-taarray, "CINDIT i, 1000 With the Python in Heliophysics
cleaned observational data. In this camodo.objectokanodo, object) . Community. Preprint DOI:
WOrkﬂOW, pysat is used to retrieve and t:mggg—gggﬁzt[IDataMUd‘ﬂ—DIFF[K]'] S ctEL AR L i Ma|'D108:,D20015 o Ma|'D109:,D20015 o Ma|'02012;,0.5015 o MarD201:,D20015 g o 10.1002/essoa r.10510006.1
clean the data using an internal CTIPT, (tme K] = A(time) time 3 Accepted by Frontiers in Astronomy
; : i i GITMT; (time)[K] = A(time) : . c
1c;l]eanmg.io::tmet..Thlslccleda nej data is e . and Space Science: Space Physics.
en easlily tTunctionalized an ModelAverage (time)[K] = clilftme) | e 1 Tme . . . . |
3 3 3 (]
i CTIPegisr (time) = abs (— CTIPeT; (time) + Model Average (time)) Ll n kS to O u r G lt H u b Re OSlto rl es ° .
compared to the simulated data from GITM e (rime) — abs ( GITVIT, (timey 4 ModelAverage (ime) P ho. . modelika/m**3] Reference DOls:
the TIE-GCM model using Kamodo. WACCMXg;ir (time) = abs (Model Average (time) — WACCMXT; (time)) —100 0 100
he R t t' D ClN[:nIzEl (time)[K] = ).(rime)b . Lon[deg] o Kamodo (core):
3. T e econs ruc Ion emo ives a DataModelprr (time)[ K] = abs (CINDIT; (time) — Model Average (time)) ) ’ . ' .
c c g # Now we can plot model and data on the same figure with the difference. GEt the CCMC s GEt the core ﬁj;hzwnggnpgigi?ﬁeggjﬁcigigiid?ii?ﬁiﬂ::f;iorﬁwi' ﬁafc)iigigz S;J)Cference el s 10.21105/]055.04053
brIEf tUtOI’Ia| on hOW tO use the # Kamodo does not add data where the model data is not defined. fig.update :cr‘aces colorscale="viridis" ncoritéur‘s:%@ . ° CCMC’ K d FI th h'
satellite constellation planning tool to SR PO ST, e, S Kamodo! Kamodo! e contoursmaict(coloringeF111"  shoulines-ralse)) > "amodo FIytrotsn:
] P g ] DataModelppp (time)[ K] = abs (CINDIT; (fime) — ModelAverdge (@e) i : : S 10-3389/f5pas-2022-1005977
compare the simulated observation of PercentDiff(Lon|deg], Lat|deg]) = A(Lon, Lat) e CCMC’s Kamodo Model Readers:
. ) <000 —_ CINDlT_i[I*-(] I — — ] ’
a satellite constellation to the modeled patamose PP i A TR NI under review by ASR.
prediction. The results of this 2 4000 5 3:.;12%:.351+§ ::%%’é*f:?%fzgéé?%‘giﬁ ” « HAPI: 10.1029/2021JA029534
: : : - 3 Pt IMIT P It Rttt T o itk et S
comparison gwde the user in dECIdlng S BN { (viar 16, 2013, 00:27:17, 3,225.742) [CRIIIS = ':'::.E - %_'%i%‘;gﬁiii’?%i%fg%iﬁi&g%ﬁ% 0 ° Pysat: 101029/2018JA025297
how many and what arrangement of £ = EREERIEEES EHESS s
: : . 3 ) 3 e et I IS = -
satellites is needed to answer a given z t T *-:—E%E-E;-‘ e S g’; i Note:
science question. e (N RUAVANAVAVAVANA AT IR 1R | £z : S - If fT dani ith the soft
$3ied .33 ou 11Nnd an 1Issue wi e sortware
These workflows are examples of how AP TV W W W L L W 50 B Y , , ‘
. 0 38E3Es 2 ~150 please report it on our GitHub. For
Kamodo can be used to greatly simplify 00:00  06:00 12:00 18:00 R F=2> , )
- Mar 16, 2013 o PercentDiff collaboratlon, please email
the currently complex process required to time :
. . Rebecca.ringuette@nasa.gov.
use heliophysics model outputs.
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