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REFERENCE AND STANDARD ATMOSPHERE MODELS

What is a RRA?

Comprehensive Atmospheric Profile:

Dale L. Johnson* and Barry C. Roberts
NASA Marshall Space Flight Center, Huntsville, Alabama 35812

William W. Vaughan
University of Alabama in Huntsville, Huntsville, Alabama 35899
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Some Backg round on RRAS From Range Reference Atmosphere 2019, JPID-FY19-001801

Table 2 Sites Selected for RRA 2019 Production S ource [ 1 ]
* RRAs have undergone several iterations Sites for RRA 2019 Abbreviation
Edwards Air Force Base, CA EAFB

S|nce the|r |ncept|0n |n the 19605, Wlth VandenbergAir Force Base, CA VAFB
updates in 1983, 2006, 2013, and 2019. e R ik

Dugway Proving Grounds, UT
Naval Air Station Point Mugu, CA MUGU

¢ The MSFC Natural EnV|r0nmentS Bl’anCh Naval Air Weapons Station China Lake, CA CHLK
(EV44) generated the 201 3 and 201 9 Pacific Missle Research Facility, HI PMRF

Reagan Test Site, Kwajalein, Marshall Islands KWA)

RRA datasets. Wallops Flight Facility, VA WFF
White Sands Missle Range, NM WSMR

® The Range Commanders CounCIl Cape Canaveral Air Force Station, FL CCAFS

Meteorology Group aims to periodically

et Integrated Python code developed in 2020
update RRAs to maintain accurate ntegrated Fython code developed in Source [3]

Python Code Files

L]

representations of the upper atmosphere Fename -

buell.py Functions for the Buell relationship tests
H config.py Setup environment variables for paths to data files

at Sele Cted ra nges Of IntereSt' derived.py Functions that compute derived quantities

diagnostics.py Functions responsible for diagnostic tests
. . e, . . . gaslaw.py Functions for gas law reconstruction test
* EV44 is uniquely positioned to provide this erpo | Funcions or e nterpoltio st
. . . main.py Main entry into the RRA code package

S u p p 0 rt g Ive n p reVI O u S effo rts to esta b ll S h output.py Functions that create the final data products
qc.py Functions for the quality control step
sites.py Site information for input profile data

a deve lopment and u pdate methOdo l'ogy° skewness.py Functions for skewness tests
stats.py Functions that calculate the statistics
utility.py common functions to each step
validation.py Functions for the validation step
version.py Version of this code
wscomp.py Functions for wind speed reconstruction tests
rra.py Command line code for running RRA




Need for a Woomera RRA

= Natural Environments received
multiple requests from the Range and
Aerospace meteorology community for
a Woomera RRA.

= NASA and US defense programs have
used Australian Outback for rocketry
and upper atmosphere research.

= Woomera RRA would serve as dataset
to assist in future Woomera launch

applications.

= |n near future, the RRA will be
available on AFRC Weather website;

https://weather.dfrc.nasa.gov/Climatology
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RAAF Woomera Range Complex
near Woomera, South Australia in Australia

|

Woomera
Adelaide

J .
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Launch of a NASA Skylark sounding rocket fromthe ~ Map of South Australia showing the land area covered
Woomera Range Complex in ¢. 1961 by the RAAF Woomera Range Complex

1961 September 18 - . 12:15 GMT - . Launch Site: Woomera. Launch Complex:
Woomera LA2. Launch Pad: LA2 SL. Launch Vehicle: Skylark.

¢ Southern Sky Survey Ultraviolet Astronomy mission - . Nation: USA.
Agency: NASA. Apogee: 193 km (119 mi). First of four scheduled Skylark rocket
firings was launched from Woomera in the joint United States-Australian ultraviolet
survey of the southern skies..



https://weather.dfrc.nasa.gov/Climatology

Method
STEP 1: DEFINE/OBTAIN/INITIALIZE INPUT DATA

SITE ID DATA RECORD Number of Input Profiles

WOOM, WMO ID (Integrated Global Radiosonde Archive
94659 located at (IGRA) which is a product of the

31.146009S, National Center for Environmental 1990 - 2023 19,384 atmospheric profiles
186.805E Information

Meteorological Parameter Units Statistical Quantities
Geometric altitude (Z) km Vertical coordinate (independent variable)
Zonal wind component (U) m/s Mean, median, standard deviation
Meridional wind component (V) m/s Mean, median, standard deviation
Wind component correlation (R;,) dimensionless |Linear product-moment correlation coefficient
Wind speed (WS) m/s Mean, median, standard deviation, skewness
Number of wind observations dimensionless |Arithmetic sum
Atmospheric pressure (P) mb Mean, median, standard deviation, skewness
Atmospheric temperature (T) C Mean, median, standard deviation, skewness
Atmospheric density (D) g/ms3 Mean, median, standard deviation, skewness
Number of thermodynamic observations dimensionless |Arithmetic sum
Water vapor pressure (VP) mb Mean, median, standard deviation, skewness
Virtual temperature (Tv) C Mean, median, standard deviation, skewness
Dewpoint temperature (Td) C Mean, median, standard deviation, skewness
INumber of humidity observations dimensionless |Arithmetic sum




STEP 2: PERFORM QUALITY CONTROL

1. Tolerance Checks

Out-of-Bounds Value Limits

Parameter

Units

Lower Limit

Upper Limit

WD
WS
T
Td
P

Degrees, clockwise from North
m/s
C
C
mb

WD <0

WS<0.0
T<-100
Td <-100
P<0.0

WD > 360
WS >200.0
T>70.0
Td > 70.0
P >1200.0

2. Surface Level Check
» Make sure profile is within 0.1 km of nominal surface

elevation (169 m above Mean Sea Level).

3. Duplicate Profile Check

« Remove 1000 ft resolution profile if you have a duplicate

100 ft profile.

4. Missing Data Check
* Replace -999.99 values with NaN.

5. Minimum Data Levels Check *
« Must have at least 5 measurements in profile.

6. Maximum Data Gap Interval Check *
 |If profile has a gap between adjacent levels above
5km, it is removed.

7. Wind Speed Shear Check
« Maximum wind shear limit is established with a value
of 0.3 s

8. Negative Altitude Change Adjacent Levels Check
« Corrupt data, in which altitude is reported incorrectly

9. Visual Inspection Check
« profiles are noted as suspect based on assorted
computational anomalies

* Denotes that step is performed independently for WS, T, Td, and P




STEP 3: INTERPOLATION STEP

4. Interpolate

« Define upper and lower limits of geometric
height for U, V, WS, T, Td in relation to
geopotential heights.

1. Establish Output Altitude Grid
« Zis established covering the vertical domain from
surface to 30 km with a 0.5 km vertical resolution.

Source [5]

2. Compute Geopotential Heights for Output Altitude Grid

» Create an array of Geopotential heights for each
geometric height.

» Geopotential heights help approximate where pressure
levels should exist in relation to altitude.

* The location of a pressure measurement in relation to ek, ~
geometric height will change based on gravitational —
acceleration differences, centrifugal force, the ellipsoidal g
shape of the Earth and latitude.

G0N

40N

3. Compute Wind Components

10N

U =-WS x sin(WD)
V =-WSx COS(WD) £Q0e 80E 90€ 1006 110E 120E 1306 140E 150€ 1606

1 1 |
5480 5520 5560 5600 5640 5680 5720 5760 SBOD SB40 5880

Geopotential height (unit: gpm) at 500 hPa of this spring (shaded) and the climatic mean of the springs from 1981
to 2010 (contour).




STEP 4: COMPUTE DERIVED QUANTITIES

Once all profiles of WS, U, V, T, Td, and P have been interpolated to the output grid
resolution, additional derived quantities of VP, Tv, and D are computed

1. Compute Vapor Pressure *
17.67XTdC

VPour = 6.112 X 10[(TdC+243-5) \
2. Compute Water Mixing Ratio

Will not be calculated above the
* ¢isthe dimensionless ratio of the

VP first level where T < -60 C.
molecular weight of water vapor to W= E€X T » We saw this value on average at
the molecular weight of dry air, with a ~12-15 km
constant value of 0.622
Question:
w  How do you get densities in the
3. Compute Virtual Temperature Tvour= T X ::j upper atmosphere?

e VP>0,sow>0andTV->T

4. Compute Density Dour = 34836787 x 2ouT

Tvour




STEP 5: COMPUTE STATISTICS

= Segregate data by month and altitude
VPT

I I 1 I

= Compute Mean, Median, and Standard Deviations for the variables WS, U D, VP, Tv, and Td.

= Compute Skewness, a measure of the median values compared to the mean to look for bias.

STEP 6: PERFORM DIAGNOSTICS

= Values are tested to see if any exceed the mean +/- 6 standard deviation envelopes for WS, U, V, T, P, and Td.

= Values above and below 6 standard deviations are flagged for removal.

= Steps 5 and 6 iterate until there are no values above and below 6 standard deviations.

STEP 7: PERFORM VALIDATION TESTING

= Skewness coefficients of WS, T, P, Td, and D are evaluated to ensure they don't exceed specified limits.

= Buell Test is applied to maintain equality between terms based on P, T, and D statistics and significant deviations
are noted.

= @Gas Law Reconstruction Test is used to compute gas constant from monthly mean values, and these are
compared to accepted value; significant deviations noted.

= Wind Speed Reconstruction Test is used to estimate wind speed from wind component statistics, compares to
computed mean wind speed:; significant deviations noted.




STEP 8: OUTPUT DATA Autosave @00 (5] 9 ~ RRA2019 WOOM.cs - Savedtto this PC v P sercn e

File Home Insert Page Layout Formulas Data Review View Help

Al ' fe Month

A A B € D E F G H | J K L M N o P Q R S T u \ w

1 |Month _Altitude Mean Median Std.Dev. Correlatio Mean Median Std.Dev. Mean Median Std.Dev. Skew N Mean Median Std.Dev. Skew Mean Median Std.Dev. Skew Mean Mec
2 z U U U R(UV) \ \ \ Wws ws Wws ws Wind P P P P T T T T D D

3 (km) (m/s) (m/s) (m/s) (unitless) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s) (unitless) (#0bs.) (mb) (mb) (mb) (unitless) (K) (K) (K) (unitless) (g/m3) (g/n
4 1 0.169 -2.71 -2.925 3.587 0.08808 2.657 3.843 5.729 7.088 6.7 3.125 0.676 459  992.364 993 5.831 -0.866 298.562 298.35 5.712 0.178 1153.296 11%
5 1 0.5 -2.829 -3.327 4.161 -0.00079 1.453 2.295 6.649 8.069 7.443 3.155 0.836 460 956.278 956.23 4.4 0.048 296.734 297.149 5.431 0.029 1118.281 111
6 1 1 -0.883 -1.209 4.404 -0.07533 -0.429 -0.073 6.794 7.329 6.686 3.922 0.885 491 902.454 902.708 3.461 -0.06 294.321 294.764 5.165 -0.266 1064.454 10€
7 1 1.5 1.072 0.752 4.878 -0.00866 -0.641 -0.058 6.019 6.734 6.144 4.084 0.823 492 850.547 849.838 3.231 0.174 291.421 291.501 4.795 -0.267 1013.561 1C
8 1 2 2.127 1.777 5.268 -0.08768 -0.658 0 5.5 6.954 6.135 4.059 1.112 492 802.386 802.518 3.037 -0.267 289.247  289.469 3.805 -0.215 963.835 9¢
9 1 2.5 2.912 2.107 5.967 -0.12757 -0.399 0 5.582 7.608 6.758 4.492 1.082 492 756.045 756.164 3.153 -0.279 286.158 286.128 3.111 -0.138 918.232 91
10 1 3 3.54 2.699 6.503 -0.1317 0.025 0.286 5.824 8.136 7.235 4.864 0.873 492 712.286 712.608 3.324 -0.319  283.043 283.123 2.693 -0.202 874.805 8
1 1 3.5 4.16 3.314 6.827 -0.09629 0.523 0.631 5.973 8.7 7.919 5.054 0.818 492 669.878 670.057 3.369 -0.136  279.809 279.94 2491 -0.233 832532 832
12 1 4 4.831 4.406 7.105 -0.10866 0.955 1.312 5.968 9.161 8.526 5.302 0.91 492 629.734 629.777 3.348 -0.096 276.636 276.735 2.32 -0.193 791.895 7¢
13 1 4.5 5.37 4.925 7.202 -0.07314 1.205 1.413 5.886 9.361 8.31 5.536 0.972 492 591.882 592.018 3.291 -0.08 273.5 273.404 2.252 -0.151 753.04 7%
14 1 5 5.963 5.984 7.223 -0.03238 1.356 1.484 5.912 9.8 8.698 5.575 1.016 492 556.191 556.357 3.21 -0.101 270.396 270.466 2.28 -0.116 7159 71
15 1 5.5 6.688 6.75 7.438 -0.03258 1.569 1.947 6.178 10.435 9.3 5.802 0.95 492 522.578 522.798 3.14 -0.189 267.296 267.355 2.369 -0.025 680.552 6&
16 1 6 7.451 7.521 8.019 -0.06516 1.571 1.842 6.309 11.165 10.006 6.213 0.794 492 491435 491.622 3.085 -0.28 264.221 264.102 2.499 0.092 647.552 64
17 1 6.5 8.319 8.174 8.495 -0.08786 1.556 1.685 6.439 11.98 10.62 6.661 0.705 492 460.124 460.33 2.993 -0.267 260.932 260.799 2.566 0.154 614.037 61
18 1 7 9.087 8.922 9.11 -0.11123 1.566 1.778 6.731 12.796 11.531 7.217 0.726 492  430.747 430.997 2.957 -0.263  257.596 257.4 2.705 0.148 582.337 5¢&
19 1 7.5 10.147 10.122 9.742 -0.1209 1.297 1.804 7.3235 13.907 12.577 7.80 0.7239 492 403.251  403.384 2.879 -0.202  254.2732  254.026 2.91 0161 552.333 5%

eoe RRA_data — Vim RRA_2019_Table3_WOOM_GRAM.out — 126x24

94659 31.14609S 136.805E
TABLE IIT - 1. MOISTURE RELATED STATISTICAL PARAMETERS
January °

STATION = 94659 WOOMERA, AUSTRALIA Prlmary prOduct
Z VAPOR P SD VP SKEW VP TV TV SKEW TV DEWPT T SD DPT SKW DPT NOBS TP NOBS . .

MEAN MEAN SD MEAN [ ]
| 572 3 oure L . CSV Excel file with all computed RRA values

.000 .000 291.00 6. 5 290.00
.169 .347 .644 299.97 282.26 .90
.854 .064 298. 280.44

o0 o001 3.787 295. s 67 0. Global Reference Atmosphere Model (GRAM)

.500 .674 .145 292. 273.98

A 2. 270l S e Formatted Text file for wind statistics

500 910 156 286.

.000 .140 .915 283. 263.61 . . . .
S0 3052 2415 280. 2007 1273 0 » Formatted Text file for thermodynamics
855
.446
.127
861
.607
.456

277.
273
270.
267.
264.
261.
257.

25z TN  Formatted Text file for moisture values

245.
241.
238.
235.

.000
.500
000
.500
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Additional Validation Examples

30Woomera vs NCEP Comparison December Std Dev Wind Speed

Number of Input| Number of
Profiles Output Profiles

Woomera
NCEP

25t
19,384 8,398

N
o

* The process defined in the prior steps reduced the
number of usable profiles from 19,384 to 8,398.

* Validation of the RRA was conducted through
comparison between the RRA and Earth-GRAM
outputs.

 Earth-GRAM data used for comparison was
generated utilizing the National Centers for
Environmental Prediction (NCEP) and the Modern- 0/ ) A 6 o 0 1 " .
Era Retrospective analysis for Research and Wind Speed (m/s)

Applications, Version 2 (MERRA-2) data option in
Earth-GRAM

Altitude (km)

11



More Validation Examples

30 Woomera vs M2 Comparison July Mean Wind Speed 30 Woorlner a st NCEPIComp?rlson ‘,QUQUSt, Mean 'Il'emperlatwr ©
Woomera Woomera
MERRA-2 i

25+ 4 25 1 4

20 1 207 l

Altitude (km)
o
Altitude (km)
o

10 1 107 i
5t - 5t 1
O I 1 1 1 L 0 1 1 ] 1 1 1 1 ]

0 10 20 30 40 30 60 200 210 220 230 240 250 260 270 280 290
Wind Speed (m/s) Temperature (K)
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How can users get the data / RRA service?

= The Woomera RRA will be released in the Spring 2024 GRAM Suite release.

— GRAM Suite is available through the NASA Software Catalog:
https://software.nasa.gov/software/MFS-33888-1

= Contact Earth-GRAM Lead Patrick White regarding requests for RRA development
or upgrades:

— Email: patrick wwhite@nasa.gov
= There will be periodic updates to RRAs.
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Third Party Licenses

= [1] WR Corliss, Public domain, via Wikimedia Commons. License Location:
https://commons.wikimedia.org/wiki/File:Skylark launch for NASA.tiff

= [2] The map came from
nttps://commons.wikimedia.org/wiki/File:Woomera_Test_Range_map.svg and is
icensed for use under CC BY-SA 3.0, which can be found at
nttps://creativecommons.org/licenses/by-sa/3.0/deed.en. Geographic labels with
arrow indications were added.
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