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The Paper-and-Code Bundle Concept in Atmospheric Radiation Science [€,

The_modern workforce is under relentless pressure to constantly acquire - Radiative Transfer Theory - a branch of + Mission planning (SNR, bands) & data processing
new skills and knowledge necessary to get the job done. Atmospheric science

. : n _ _ applied math and/or physical math
IS not exempt. A typical practitioner must not only understand atmospheric physics RT %del_ _ee.d.e_ Solver 3 2w ‘ P

(which alone has many branches) and its underlying mathematics (sophisticated),

but also details of numerical techniques, and possess basic software engineering - o N —————— =
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skills (for code development). Many classic books and papers in all branches of

. . . . . Atmospheric Optical properties
atmospheric and computer science are available. But that is partially the problem: description
there are too many. When switching between branches of atmospheric science s 1o e 8 oo s . A

~ HARP-2
5 . (np.exp(-dtau/mu0) - np.exp(-dtau/mu)) i (Tpolarimeter)
37. Ildn = np.zeros((nb, ngl)) # single scattering at all levels ib

38. Ildn[l, :] = Illdn S~ SPEXone

31 mu = mup [ig] |
32. if (np.abs(mu0 - mu) < tiny): # mu - mu0 -> 0 singularity |

33, Illdn([ig] = p[ngl+ig]*dtau*np.exp (-dtau/mul) /muod I |
34. else: /
35, Illdn[ig] = p[ngl+ig]l*mu0/ (mu0 - mu)* \

36 ‘

Science data antenna 5

. 39. for ib in range(2, nb): RE Ny (polarimeter)
on : 0. Ildn[ib, g:](='\ ) S
i i i i i - Pressure profile Cross sectiQ - single-scattering TR IONT IN PLANETARY The Oceanic Optics Book a1, Tlan[ib-1, :]*np.exp(-dtau/mup) + \ # from boundary above Command & Telemetry
(due to collaboration or change of projects), nobody has time for deep immersion B _{/ e T R | = Eilentn onp o o A1) 8 oo e cuctent e e
In relevant literature. Also, successful completion of a project still requires - Water clouds | aeosoland P Scaering phase e Sl - %;&gf
- Ice clouds function/matrix or =

cloud physics,
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understanding at the level of code developer (because using “black boxes” and - Surface properties T |
“spaghetti codes” is unprofessional, risky, and counterproductive). Many of these o i A
theoretical papers are not written from the point of view of turning theory into Emde C +10,

workable, maintainable code. GMD 2016
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* Mission impose new scientific (e.g., update HITRAN, add new surface) ...

e ... and software requirements (run faster, create user guide, etc.)

Radiation quantities >

RTE\
In this talk we discuss two papers describing numerical simulation of two libRadtran .. L e, Solvefj
fundamental physical processes in the atmosphere: multiple scattering of solar light, T
and absorption by atmospheric trace gases. Following the format of “Numerical i ‘/post_.\ Kicmmerieal simulstion of
Recipes” by Press et al., our papers bundle small pieces of necessary theory ibRadtran.org \@CGSS"y multiple scattering of light
with corresponding snippets of code. These are arranged in an order that is T
natural for code development, which is often opposite of the natural order for laying L
out the theoretical basis. The first paper has been published in 2022, while the N ealbraed radianceistokes vector, imadiance, actinic fux
second is a work in progress which we intend to finish in 2024. The goal of both e e
papers is to simplify the transfer of knowledge from seniors to juniors, and SRR DRSS O SRS G EREDEe EX s

exchange skills between experts from different branches of Earth science. The '

codes are open source to be a |earning resource available to all. Figure 1. Structure of the wvspec radiative transfer model.

You need to get the RT work done “quickly”...
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1. Multiple Scattering of Sunli t 2. Line-by-Line Atmospheric Absorption Spectrosco N preparation
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Contents lists avalable at ScienceDirect commurcn s General “strategy”: | * We have used LBL solver from Interpolation and Profile Correction (IPC) Method by A. Lyapustin, J. Atm Sci, 2003 -- QR-code:
COMMUNICATIONS I ) )
P y  Collocate equations ( only necessary ) with code snippets ( short ) | « : - SETTRTA - ”
n n
« HPOSS22: “The paper-and-code bundle as a new paradigm supporting the TOPS initiative in Earth Science
: W | | Inikative | I
B — c A th ' d tural f de development tarting from | tatus = “selectable”) -- thank f ideri I
rrange these In an order natural 10r code develjopment (€.9g., starting 1ro | Status = selectabie ) -- tnank you 10r consiaering our proposa
Feature article low-level function without dependencies). |
ot S—_— A) We explain input & In two m . gas cell & atmospheric absorption (both use HITRAN
A practical guide to writing a radiative transfer code """ » Find the right balance: practically valuable but not overcomplicated | (A) We explain input & output in two modes: g
L] L ]
Shmes | T, ” : . I
1,31 4,0, % .a,b iaTaim D b J i i 1 1 1 []
S. Korkin ®"*, A.M. Sayer®", A. Ibrahim”, A. Lyapustin Ip "necessary ut complicated physical effects for later paper(s). | molec id nu usr min nu usr max dnu lcm T kelv p atm fmt molec id latm column amount nu usr min nu usr max dnu nzkm zkm fmt
S. Korkin, AM. Sayer, A. Ibrahim et al. Computer Physics Communications 271 (2022) 108198 = = L = L L I 6 4 O 8 l ] 9 O l 4 5 O 5 ] 6 9 9 O . O O 2 8 . O 2 9 6 . O l ] O k 7 6 - l . O l 3 O 5 O . O l 3 l 6 O L] O O . O l 3 O L] O 2 . 5 5 . O tXt
* Provide reproducible tests (including unit tests for low-level functions
1. import numpy as np .
2. from numba import jit I
3. @jit(nopython=True, cache=True) B .
4. def legendre polynomial(x, knex): o Try predlct Where the reader may have prOblemS ( I|ke|y Where yOU had| ) | 7113000.816219 2.708E-27 1.740E-02.04580.047 1814.01040.67-.007/400 b 1 X 1 R 130Q 14 d54644449 55 3 1 1 29.0 29.0
5 nk = kmax+1
6. pk = np.zeros (nk) 3 [} []
7. if kmax == 0: - - -
S Aim for ~1 month of work (full time). FYI: a typical NASA ROSES proposal |
9. elif kmax == 1: L] u [ . - - .
- : : - - | (B) We simulate 1 spectral line C) Then we combine many lines to D) Atmosphere is a
11. pkll] = x
IS up to 3 yrs — coding for multiple scattering & spectroscopy & single
13 pk(0] = 1.0 . . . . . I - . . (11 b}
el - 0 may var simulate absorption In a gas ce StaCK Of gas cells
for ik in range (2, o) scatterin articles (all together) snou e done within o Of the time
16 pklik] = (2.0 - 1.0/ik)*x*pk[ik-1] - \ - I
17 (1.0 - 1.0/1ik)*pk[ik-2]
18. return pk I ‘ AO2 transmission vs. wavenumber AO2 optical thickness vs. wavelength
Fig. 8. Python function to compute ordinary Legendre polynomials for a given scalar value x and all orders k. = 0, 1, 2 ... kmax 02 ('SOtODE 1) T =300 (K) 02 (ISOt{)pe 1) T=300 (K) 1.04 — q n
S. Korkin, AM. Sayer, A. Ibrahim et al. Computer Physics Communications 271 (2022) 108198 I — T =270(K) A — p = 0.9 (atm) W q T qﬂm p ﬂmm qmmmmq m 10°
Table 2 — T = - — p=1.0(atm
Explicit expressions for a few low-order associated polynomials Q;"(x), Eq. (14). |_ P‘u/ I T 300 (K) 10 26: P ( ) R
Vi - [— = 1 —_— = /
kK m=1 m=2 m=3 / 10 26; T=330(K | p=1.1 (atm) 0.8- - T(h), P(h), D(h)
0 0 0 0 4o exp(flﬂ'[/p. )exp(3A1/|.L ) 1 i / _'
ey ' : o - | N. = [ D(h)dh T(z), p(z) h(z)
1 Ja-x)2 0 0 1 ' '\ n ‘ AT 5 3 " - ‘ J >
2 3x/(0—-x%)/6 3(1—x3) /24 0 =l a kY] g $ B
3 36— 1)/(1—x2)/3/4 15%(1 — x2)/+/120 15(1 —x2)3/2/ /720 2 ~ exp(2At/p_) \” At =] g 33 @ 06l £10 U U s [[N.]1=molec/cm zZ
4 —Bx3-T) (0 —xBy4 1572 — 1)(1 —x2)//T440  105x(1 —x2)32/ /5040 = 10-27 10 oy v} ) :
3 ~ exp(At/n ) - : ~ (= S :
a = :
EEE TETE At | E E e = s
k—m) P (x) = (2k — DXPFL (x) — (k+m — D) P, (x 12) | R = & o O 10-2 =
(k=mP(=( WPl () = ( Wi (12) 5 ~ ~ "04‘ = “ < T, =273(K), P, =1013.25(mbar), N,
provided expressions for lower degree k and given order m are known. For all m <k, P'(x) =0 by definition due to m-th derivative of 6 \ W, \Ilm exp(=3At/p,dexp(-2At/ )| At I 10-28- ' o u
the k-order ordinary Legendre polynomial Pg(x). The analytical expression is known for k =m (e.g., see Eq. (6.8.8) in [80,81]) ] 10—28t ” I [hJ =cm h(Zn )
23m/2 Fig. 10. Single scattering from layer 4, l%‘“ see Eq. (19), irradiated by an attenuated direct solar beam contributes to each boundary above and below the layer. The contribution I ] 10 g - ZD
Pg: (X) = (71)”’(2m — 1)!!(1 —X ) . (13) is also attenuated after scattering depending on the view cosine. Accumulated contribution from all layers 1 to 6 yields single scattering at each boundary of the layer.
S. Korkin, AM. Sayer, A. Ibrahim et al. Computer Physics Communications 271 (2022) 108198 0.21
Eq. (12) and explicit formulae for low-order polynomials (e.g., Eqs. (12)-(27) in Wolfram'® or in [83]) allow one to start iterations . . _29
and check the result. Source code for P"(x) is published in C [81] and Fortran [80]. Built-in functions sci special.lpmn?® and 1. dmport numpy as np def gauss_seidel iterations_m(m, mu0, srfa, nit, ngl, nlr, dtau, xk): 10 10>
Tagendre?! are available n Pychon anc Matlab, respective ' pyspeeranoe 2. from numba import jit P ORNEE SSlAS SEeAtions min, WO, SrfR. mib. noh, i dres 0.00 025 050 0.75 1.00 1.25 1.50 1.75 2.00 0.00 025 050 0.75 1.00 1.25 1.50 1.75 2.00
egendre” are available in on and Matlab, respectively. B 3. f def 1 4 1 ial i £ 1 g 1 ial o . o L N . v+13000 (cm-1) v+13000 (cm-1) 13000 13020 13040 13060 13080 13100 13120 13140 13160 0.760 0.762 0.764 0.766 0.768
In this paper, however, we use a slightly different form of the associated polynomials (Schmidt semi-normalized polynomials,” see 4. @jr-i:\(nip§tigziTiifocz:§iZi;ru;ﬂpDr cgenare_potynoma ;;‘ illdf‘ = 1p.zeros (nﬁl) # single scattering from element layer I v (cm-1) A (um)
also [34]) 5. def single scattering up(mu, mu0, azr, tau0, xk): ';J e ;i inmlrl;??:](ng ):
;; nk = 1en(xk)t(1 0 ) 32. if (np.abs(mu0 - mu) < tiny}: # mu - mu0 -» 0 singularity I A
(k —m)! B smu = np.sqr 0 - murma 33. Illdn[ig] = plngl+ig]*dtau*np.exp (-dtau/mud) /mul - - -
m — m m a
o8~ O 0 BB T m F) We provide source code bundled with theory and reproducible results for all these steps
9. nu = mu*mu0 + smu*smul*np.cos (azr) 35. I1ldn[ig] = plngl+ig]l *mu0/ (muld - mu)* \ 140
for two reasons. First, the (-1)" factor removes the same factor from PJ'(x) (e.g. see Eq. (13)). Second, the use of the square root factor ! 1; - ?p'zerogf}lke {nu) ) ) 36. (np.exp (-dtau/mud) - np.exp(-dtau/mu)) "
simplifies the orthogonal property i‘l . or liui l]'-ml lg enumfrate .(n‘f)( o X-1) 37. Ildn = np.zeros((nb, ngl)) #f single scattering at all levels ib 10 — Tropical i i . ‘ i
: bk = _egendre_polynomialinui, n 38. Ildn[1, :] = Illdn —— Mid-Latitude Summer 672 For numerical calculations the user defines the following parameters: — ~ . . . "
. 13. plinu] = np.dot(xk, pk) 19 for ib in range(2, mb): Vi Latitude Winter = Command: $ aspect input_file ASCIl input_file:
2 14 mup = -mu a0 Ildnfib, :1 = \ 1 i ; fici
RT d . . f QI (0)Q"(x) = mék;, (15) 15. Ilup = p*mu0/(mud + mup)*(1.0 - np.exp(-taud/mup -taud/muo)) . T1dn[ib-1, :]*np.exp(-dtau/mup) + \ # from boundary above I CD z _Z“E':“fci:lm”‘er 673 nu — wavenumber to compute the absorption coefficient (cm™): C molec id iatm column amount nu usr_min nu usr max dnu nzkm zkm[] fmt )
CO e g S l t . -1 1 return Ilup 42, Illdn*np.exp(-taulib-1]/mu0) # from the current layer 'E 80 T Sub A inter
= —— US Standard (1976) 74 . —gast S e wm m mm mm mm mm mm m— mm m— —
where d is the Kronecker delta (compare e.g., with Eq. (5) in WOlframw)- Therefore, one must be careful when comparing associated Fig. 11a. Python code for Eq. (18), ascending radiation: mu < 0; array of azimuths azr is in radians. Expansion moments xk are scaled by half of the single scattering albedo Fig. 12e. Solution to RTE in the single scattering approximation at positive Gauss nodes (2nd - lead - dimension) and all layer boundaries (first dimension). I C ® 60 e T_kelVln e s (K) 2 f hprofiles.h: A
SO u rce COd e polynomials from different sources. Note that the Schmidt and associate polynomials are direct substitution of each other in terms of the - see Section 3.5 “TOA flux and scaling of the phase function and moments”. m = g s > Docul I Ientatlon v | contains MODTRAN profiles |
final result, but their orthogonal properties differ by a scaling factor. In Table 2 we provide analytical expressions for a few low-order 47 I1 20 d P_atm— gas pressure (atm): 1 (pressure, temperature, |
: i i - Fi 17 . up [nb-1, :] = 2.0*srfa*mul0*np.exp (-tauld/mul (. . )
associated polynomials as defined in Eq. (14); Fig. 9 shows source code. all Atz-layers, one accumulates the contribution from each and thus gets the single scattering solution at all levels in the atmosphere, P [ ! ] p P ( / } CD ) int main (argc,argy) 22020 @2z0l FTTT T T T T TS T T TS T T T T T T T T T T T s s s s s s s s == | density, concentration, |
which we will use further for multiple scattering computations. - e = 20 676  The first step is to compute the center of the spectra line vip.s’"f © as it shifts fv.r.t. its position in I heights) for 6 1
- For validation purposes, we recommend implementing two versions of the single scattering solution. The one given by Eq. (18) is easier 44 exp (-dtau/mup -dtau/mu0)) z J 1 atmospheres and 8 |
https://mathworld.wolfram.com/AssociatedLegendrePolynomial.html. i - - i - i f i " f 45. Ilup = np.zeie dn) # single scattering at all boundaries e S ) e 7o molecules
20 https:| ipy.org/ erence/generated/scipy.special.lpmn.html. to lmtl.Jlen.l‘en; I dt(.)es“n?t éooljlogve.r ele_m(:.m lllayEIS, anc! attte};lutatlon .a_long th_e SOlcé;.l beanll and ttt;]e Vlflw dlre;tlonk‘?le aCCOl.U:tT(d f.orhl.n ;he 46. if m == 0 and sffa Slliny: 01511 1E+12  1F+13 1E+14 1E+15 1F+16 1F+17 1E+18 1E+19 1E+20 677 vacuum Vi due to user specmed pressure g (atm) ~ S - /
7 htpss/] mathworl pJmatlabjref/legendre.html equation "automatically . q ( ) IS prac lC.ﬂ ly CDHVE[]I(?[] 10} ['EqIJ.llES I'l.'l(]le COH ‘mg ._ ence e chance 0 ma l[]g. 4 mistake 1s k igher. _" . . . . i I )
22 ptps+jjenwikipedia.org/wiki/Spherical_harmonics. Benchmark results are published [85] for single scattering of polarized light, which in the case of solar light precisely agrees with the 47. Ilup[nb-1, :] = 2.0*srfa*mu0*np.exp (-taud/muo) # surface Number density, D (molec/cm3) _ e [
h o scalar approximation made here. Fig. 11(a-b) shows our implementation of Eq. (18) separately for upward (single_ scattering_ up) 48. Ilup([nb-2, :] = Ilup[nb-1, :]*np.exp(-dtau/mup) + \ 678 Vf;’/"ﬁ =v,(P)=v,+5,P <« Equatlon (1) void count lines( ) S param.h: \
[ ) P t O n ” and downward (single_scattering_down) radiation. Source code for Eq. (19) will be shown later. 49. I1lup*np.exp (-taulnb-2] /mud) I U MODTRAN atmospheric temperature profile . Counts FTTRAN Tesords ! containe definition of |
. In both functions single scattering up and single scattering down, the phase function is represented using expansion 20 else: 140 679 SIP _ iy s g COde Snlppet v:rithin user interval of 1 Jh sical constants |
moments, xk (scaled by half of single scattering albedo - see Section 3.5). Next section discusses this key step in RT numerical simulation. 2 Ilup[nb-2, :] = Illup*np.exp (-taulnb-2]/mud) nuij_pshift = nuij + delta air*p atm <€ {- - phys ) o 1
52. for ib in range(nb-3, -1, -1): I : wavenumbers I file names and paths, |
. . . . ‘ . . . ~ 120 * ) . .
3.4. Expansion of the phase function in Legendre series, and addition theorem o Tlup[ib, :] = Tluplib+l, :]*np.exp(-dtau/mup) + 680 13000.808819 = 13000.816219 + (-0.007400) *1 <€ Unlt test I accuracy parameters
 Multiple scattering of monochromatic Solar |i ‘ '
" I 100 681 cm-1 = cm-1 + cm-1/atm*atm P J
In both code samples for the upward and downward single scattering intensity, Figs. 11a and 11b, one finds expansion of the phase Fig. 12f. Same as Fig. 12e, except for negative (upward) Gauss directions. See Eq. (30) for scaling factor 2.0 in line 47. > = — \ . . Vi - T-—-—-—-=-- double simpson( )
function in Legendre series using dot product Z 80 i Lattude Summer 682  Next, the intensity of the spectral line is scaled from Phys1ca1 unlts )to ;’ / 1 Integrates f(x)
[ - " — import numpy as np We recommend checking this single scattering versus the one shown in Figs. 1] jgast for the azimuthally independent I 2 £ Mid-Latitude Winter 683 the user-defined one. This step requires calculation of several exponential function which can be int read hitranlé0( ) ! v Egmeflc?ily using
. scenario, because the single scatte > 60 R — Reads HITRAN data from 7 s ~N Simpson’s method
ok - ; - Numerical simulation of multi] i . i i om expansion mo- = o 684  combined to reduce the number of calls to the exp-function. It makes the code less readable and a 160-s 1 -ord
. . . . Pk - Jegendze polynonial (m, ok-1) ments, that simulates scattering £ 0€€ EQ. (30) for scaling factor 2.0 in line 47, [ P00 ot | Q) “ — At Winer : ! bt 1) Reads input file @ 160-symbols/vecor int nisotops( )
I e S u Cce SS Ive O r e rS 2 I I l et O S O r t e p rl Ce O O n e P = np.dot ixk. B multiples a vector of intensities cc pr ——Us Standard (1976) 685  does not provide any noticeable gain in performance. 2) Does all the job P Calculates TIPS ratio
" 1 - for which the analytical formula is The RTE scattering integral is replaced with matrix vector multiplication I 3 20 3) Prints output Pfoiile .& FETCUI:S
R . 686 e ie.\:p(—(‘.E"/T) (2) 1sotopes parameters
] ] K J=wi (31) 0 : _
PY p(v) = Zkak(p), (20) ‘ ) o ‘ . ) o ) I O 150 200 250 300 350 400 \_ . ( double intparab( ) )
Se r— e I n e SO ar—VI eW g e O I I l e ry a . s where W is an ng2-by-ng2 matrix (wpij in Fig. 12g), 1 is a vector of ng2 intensities coming from all Gauss directions to the scattering Temperature, T(K) 687 ell = exp(-c2 rad*Epp/T kelvin) - ~ Approximates 3 points
. . . . ) . . L . . point, and ] is a vector of intensities scattered towards all Gauss directions (not yet integrated over T - hence we use notation ] instead ‘ ’ ' CEEl ~ = n 3 A void kabs( ) int ixlix2( ) [%xi, yi] with a
T?lrshe"[-’a[::m_" can hl‘? [(’;T)l;tt‘*d in the case of single scattering, but for multiple scattering it is a key step. The reason for that is the cosine of 1), Recall, upward directions (mu < 0) come first, followed by downward directions, With that in mind, we rewrite Eq, (31) as follows I MODTRAN atmospheric pressure profile 688 000006661 ~ swp -tz o7 17+ 1B14- DL00/3G0 0} Calculates absorption X- For a given x0 & dx, ¢ parabola integrates it
. . of the scattering angle (€ - _ _ - - - c section per molecule gets indices in x[] so
¢ I SOtrO p I C (La b e rtl an) S U rface 14 F‘ ] = [W; Wi] [f‘ ] = [W*E‘ +W+l+] , (32) I - o 510  The output file 02 . txt (note that the name is assigned automatically based on the molec id using HITRAN that x0-dx <= x[ixl] <
r'l . " i E— - [ix1] <= x0+d
" L e (D . —M?I;tude summer 511  wvalue) for the default case looks as follows (the first 4 and last 3 lines are shown; the result ma o o ) g
In Eq. (32), all vectors and matrices are half the size, ngl=ng2/2, of those in Eq. (31), top and bottom indices at W correspond to sign I Vid Lotitude Winter ’ y \ y
" " " of 44 along row and column, respectively. — | subeaveic summer 512 look slightly different if the HITRAN database has changed, these correspond to HITRAN 2020)
[ ] I n e Sca e rI n CO rreC IO n Several important notes must be made about the square matrix wpij. First, Eq. (32) rev_eals the meaning of each quarter of the O T o = ’ /" double humlicek( ) ~\ ' ~\
b ic;ntering matrix_W, Namely, W_: .describe.s how light that was n_'aveling upward_(subsm_"ipt “m, L: continues its path u_pward (sup_erscript I i 80 — Sub-Arctic Winter convolves Lorentz & Cmplx. cpp
-") after scattering. Hence, WZ is the diffuse upward transmittance, T_. W7 describes how light that was traveling _down, I, gets 2 — US Standard (1976) 513 # nu, zkm = 0.000 2.500 5.000 Doppler line shapes to
1:edir§cred up'by scattering, Hence, WZ_ is the diffuse upward reflectance, R_. Applying the same idea to the two terms of ] leads one to U é" 0 514 0 13050. 0000 5.782330e-01 1.396493¢-01 6.7019320-02 get Voight spectrum < Auxiliary ._subrou‘_cines for
rewrite Eq. (32) as —_— void tauabs25( ) complex arithmetics for
j T R i O 515 1 13050.0100 2.8973%1e-01 1.454148e-01 6.978132e-02 Tntegrates extinction humlichek ()
[jj:[R; T;Hi]' (33) I —_— . 516 2 13050.0200 3.020048e-01 1.515606e-01 7.272536e-02 Sﬁofﬁf EEO];OZW:] < \_ Y. \_ Y.
Second, for a homogeneous layer there is no “up” and “down” - its optical properties are the same: T_ =T, =T and R_ =R, =R, so I — o 517 <
i i (D 000001 00001 0001 001 01 1 10 100 1000 10000 518 10998 13159.9800 4.861486e-01 2.428781e-01 1.161131e-01 P Borrowed from SHARM-TEC code unaltered
!_ = TR !_ . (34) - m Pressure, P (molec/cm3) \_ / N
I+ R T||L 519 10999 13159.9900 4,.984823e-01 2.486472e-01 1.186825e-01

520 11000 13160.0000 5.125586e-01 2.553003e-01 1.216783e-01
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