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SUMMARY

(3 B 2 o B)

[. Title

A Numerical Study on the Roles of Atmospheric Gravity Waves in the
Transport of Aurora-induced chemicals

[l. Purpose and Necessity of R&D

Energetic particles is generated from the Sun and space environment (magnetosphere),
and their precipitation occurs in the polar upper atmosphere. Energetic particle
precipitation (EPP) generate nitric oxides (NOx) and hydrogen oxices (HOx) around 100
km in altitude through ion chemistry. The induced chemicals are transported meridionally
and vertically, depleting ozone and affecting winter polar vortex in the middle atmosphere.
Refined gravity wave parameterizations (GWPs) can substantially affect the transport of the

auroral chemicals

[II. Contents and Extent of R&D

This study incorporates secondary gravity wave (SGW) processes in a global climate
model to improve the representation of gravity wave drag. SGW drag refers to gravity
waves induced by the dissipation of primary gravity waves, which are originally triggered
by orographic (mountains) or non-orographic (convection or fronts) sources in the
troposphere. Recent studies have highlighted the critical role of SGWs in governing middle
and upper atmospheric winds and circulation. In this study, an SGW parameterization,
tested in simplified dynamic models, is implemented into WACCM6 developed by NCAR.
We investigate the impact of SGWs on middle and upper atmospheric circulation and the
transport of auroral chemical species through two types of simulations: a 30-year
atmospheric climate experiment (AMIP-style) with simplified chemistry, and a 15-year
CMIP6 historical run that includes middle atmosphere and ionospheric D-region ion

chemistry."
IV. R&D Results

The generation of SGWs was assumed to occur between the upper troposphere and the

_5_



mesosphere, where primary orographic and non-orographic gravity wave drag (GWD) is
exerted. Specifically, the altitude range from 300 hPa (~12 km) to 0.1 hPa (~65 km) was
divided into seven layers; SGWs were assumed to be triggered whenever the primary GWD
at these altitudes exceeded a specific threshold. These SGWs are assumed to propagate
horizontally in line with the primary GWD relative to the local horizontal wind. Due to
their large intrinsic phase speeds (¢ — U), these SGWs can propagate higher up to the
mesosphere and lower thermosphere (MLT) with a lower probability of encountering

critical levels.

The model with SGW parameterization successfully mitigated the systematic bias of
wind reversal at the winter mesopause—a common issue in whole-atmosphere global
models where easterly winds often appear instead of the observed westerlies. Furthermore,

due to the large values of ¢ — U, the SGWs induced strong turbulent eddy mixing, as the

turbulent eddy diffusion coefficient is proportional to (c— O)*. Consequently, the breaking
of SGWs in the upper mesosphere and lower thermosphere generated enhanced vertical
turbulent mixing. This enhanced mixing facilitated the downward transport of NOx, auroral
chemical species typically produced in the MLT, to below the stratopause. This confirms
that SGWs allow auroral chemicals to exert a stronger influence on the winter

stratospheric polar vortex.

In sensitivity experiments where SGWs were implemented but turbulent mixing
remained unchanged, the downward transport of auroral chemicals did not increase
significantly. This suggests that transport via turbulent mixing plays a essential role. While
the inclusion of SGWs did not lead to substantial changes in the Transformed Eulerian
Mean (TEM) residual circulation or the frequency of Stratospheric Sudden Warmings (SSW)
in the winter hemisphere, one simulation with SGWs showed more active downward
transport of polar NOx. This requires further investigation.

V. Application Plans of R&D Results

Parametrizations for fluid body forces or turbulent mixing induced by SGWs are not
yet utilized in most global climate models. A recent study using WACCM indicated that
higher horizontal resolutions lead to stronger downward chemical transport, identifying the
insufficient turbulent mixing in low-resolution gravity wave drag parameterizations as the
primary cause. Our findings demonstrate that even at low resolutions, appropriately
accounting for SGW effects can increase the downward transport of auroral chemicals
through turbulent eddy mixing in the middle and upper atmosphere. Moreover, it shows
that SGWs can resolve systematic biases in winter polar mesopause winds. Therefore, the
results of this study are expected to play a crucial role in redefining the impact of auroral
chemicals on the middle atmospheric polar vortex and ozone chemistry. These findings are

currently being prepared for publication in a research journal.
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M1 & ME

FA nFUE BF B SFRE (Fe A eRRY FYHE G gt A
T A7EAS gt AR 5o E T2 T Ar) HYoRHEH wHEE 3oy
A o] AT AEE A=etd (ol e mo: A, ol FYE v dAE
< AT di7Ieke] o] 2sket kg F3) Abstd A (NOx; N, NO, B NOyu 4ksh4
(HOx; H, OH, ¥ HO,)E <H 3% (&

2 th (Sinnhuber et al., 2012). °]#] 3+ &S energetic particle precipitation (EPP)2h

a FE, AdE stetede ety wgAe] vig L2 BEEA FEN A3

i
i

% 100 km ) A s orle] AT 5

A &S AAGE WSS Aot (Brasseur & Solomon, 2003; Funke et al., 2011;
Fytterer et al., 2015; Jackman et al. 2008, 2001; Verronen et al., 2006). ©] 3}g&+

1
=
o ABRHeR FEHY FeauFU] LES A2AIE BAd 4FA T £8E

EPP= <18 NOxut HOx7} B 5= A qolA wAst= gheh 249 W A
2 Wsts A4 & (direct effects)gtal F2w B E seEdo] AJFHA O R o
oA G Aqa g Aol shet 24 B dostA WHstE dod)e AS 3
A & ¥ (indirect effect)etil F2t} (Randall et al, 2007). 5 dNA NOx9 9
aeh A wel gepA =, 53] ofwal F SAWY ASH = 3 &
o] A o] F£Hol 17§ ojAom ZojXt}t (Brasseur & Solomon, 2005). =4
B2 e F A8Eol(polar vortex)et 1 U ol A A E}

= 8 71T AERt o] s VIS Bl = A8Ee] 99 =2 a=ddA A4

19
)
o
o
ofy
- i
J_4
g

$F AolA FA4 nFUE Fa AT Bolet gAEL F2 AL 4
A5 o],

uhe} 2o} (Vitt & Jackman, 1996). YAk A2 Bl 2RE A4 WE5o A
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To =gslr] witd, o] AE HE HYE YA o]wlE (solar proton event; SPE)
ghal FET o] A oHE

U 7lEF vl 71AY] Rxe & A4S & 7 Ak (49, Funke et al, 2011; Jackman
et al., 2001; Verronen et al., 2006). ¥FHol| < 2&o} dAE HAAEL A9 =g}
Bl Al 71918, 228} MEaE BAA 1-30 keV7HA 7HEEol A3 nF 7|2 &
o2t (Fang et al, 2008). =3t T dUAE Zt= A2 (medium energy
electrons; MEE)9] 79, Z#te] &EolvA= 30 keVEY HEF A1, AAp7] &30
A= A AT ddedo]d WMEA A H AFdd= ¢ W keVel AUAE zt

Ot A 2SH7|Z £ A 30 keV AEZ ZAastAl @Y (Horne et al., 2009).

£ 493 gERoR Ao, F - wFYy] 9ol

o A 73t Community Earth System Model (CESM)9 HZthr7] =4

WACCM< SPE ¥ MEEe®] 93 7] o]23t&2 NOx ¥ HOx &S PAAHo=E
At dom) FAlel aoux] 4aE F3] ¥ NOx % HOx® 33 whg 4
7k ol AArsttt (Marsh et al, 2013). SPE®} MEE<®]o|l= WACCM-2
galactic cosmic ray (GCR)d| ¢]3t o]23}& % n&sta vt A A CESM2 Coupled
Model Intercomparison Project phase 6 (CMIP6) 2 3¢S 7|22 SPE, MEE, 181
GCRel| Al 7kA1¢] ey i#ke) &35 aigsta ot =3 WACCMS EPP9| &
e B o #53 Hud F e FeoR ddAoR Bosty] 9eiA ded D

Al

ol

X

oA F7kgo] el E pole-to-pole &2 3k (8 vkt FoA AL ¥k =



A wAEs Eew Avkshs FES1A F99h7t B A4 E 23
o] g% AEs 8T & A2 Ho g} (Becker & Vadas, 2018, 2022; Kam et
al., 2021, Kogure et al., 2020, Vadas & Becker, 2018, 2019; Vadas et al, 2003;
Vadas et al., 2018, 2023).

A;

"5

27 FYse] EAol}t Al Bl olQs REYOoR Fe Y Ao T3
Ho eld Qrle SAR, olel@ 24 FYv WA Ko PRHozdE wel |

d B HYE(d, Gelaro et al, 2017; Koshin et al., 2020; McCormack et al., 2017;
Pedatella et al., 2014)o] &A% AiHS f8iA T ds #5 A5E AMEste Sk &

= TAAA F3U7IE 29 § JdE BF AEEE GPS radio occultation, AURA
MLS 2%, =57 ¥ & A5, SABER <%, 183 SSMI/S 4% W”] sounding

)
)
o
i
ofy
e
~
0%
4z
=
o
B=)
_E

(UAS) data (Swadley et al., 2008)7} Z 3wt} &%
dd AE dJxE 35 A57 53 2d Z

e FoR HRAT 1 olfE TF AT 7] BRdoA ALEgsta e TH 9 g
asle]l B Ao A zholgktt (Harvey et al., 2022; McCormack et al., 2021).

B Ao E HE gFdodA HAsts Aow NAEE 1% FHEurt Bystd
A 7EEE gAstE oA BAsE 220 =H3l7F Vadas et al. (2003)0 4 9F 2

4 F0 Beshs $4 ud G AT 48 mde gHstel 4% R 4
g2 AAY o Y FUe Fd 2% FUve 59 Y, 44 A (FL A 5
®)eh £ & 2718 ARArh 45 muelq HAER 24 93 2Ue CESM
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M 2 & =Uel 7[sHd e

7] FEael dAE Aol oA, 23 FE I} BdE dAF= A AAFHoE wWol
AP=Eo] Qo e A= o] (Vadas et al. 2003), ¥= (Kam et al. 2021;
Kogure et al. 2020; Vadas et al., 2018), 22|32 3|4 %= =& (Becker & Vadas

2018, 2022)7 #F#HAF o] Ut} 7|4 TIAE mAgolgt TS FPHoRE HAF
25 km AA}, dA o 7= 300-400 m A EE B o R on|sit) e E Rdlo A

 ARGE BN A FUn 3 RenE AgEA 2t 59 R
AU #AAFE A7 M2 FolAm Yrpmis AW, T @ FF0] of
U@, O ¥ BYe o 4nAE AdgER AdEE 397 wol, 24 F9
of Wlg mAE AR AU AT L %o JolA] Bad B
welth AAZA 24 FH5 Bisel U@ A7 wEe AAHoZ HHEAE e
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2 AT A d7]FH 9 2438 Lindzen (1981)¢] A3 o] &¢ 7%
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middle troposphere for (black) SWAD and (red) NASA
GEOS6 model..
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Figure 2: (Hallow arrow) Vectors of acceleration due to primary gravity waves (PGWs) and
(Filled arrow) horizontal wind vector at the altitude of the acceleration of PGWs. Two
monochromatic secondary gravity waves (SGWs) will have ground-based phase speed of

U—c¢ and U+c, respectively, in the sense of the acceleration of PGWs.
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Figure 3: (a) Primary gravity waves (wavy curves in red) generated from
topography and secondary gravity waves (wavy curves in blue) induced by
the body force of the primary orographic gravity waves; (b) Hypothetical
vertical profile of zonal wind; and [c] the vertical profile of the body force

due to primary gravity waves shown in panel (a)..
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Figure 4: Vertical profiles of intermittency factor for primary gravity
waves. Note that decrease of values is given by hyperbolic tangent
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Figure 5: Latitude-height distributions of zonal-mean zonal wind for January in (a)
JAWARA, (b) CTRL. (c) SGW, (d) SGW0.5, and (e) SGWO0.1. Contour interval is 10 m/s.
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Zonal-mean temperature (SWAD) in January (€prim = 0.125)
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Figure 7: Latitude-height distributions of zonal-mean temperature for January in (a)
JAWARA, (b) CTRL, (c) SGW, (d) SGWO0.5, and (e) SGWO0.1. Contour interval is 10 K.
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Figure 9: Latitude-height distributions of zonal-mean zonal wind for January in (a)
MERRA2, (b) CTRL, (c) SGW, (d) SGWO0.5, and (e) SGWO0.1. Contour interval is 10 m/s.
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Zonal-mean temperature (SWAD) in January (€prim = 0.125)
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Figure 10: Latitude-height distributions of zonal-mean temperature for January in (a)
MERRA2, (b) CTRL, (c) SGW, (d) SGW0.5, and (e) SGWO0.1. Contour interval is 10 K.
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Figure 12: The same as Fig. 11 except for NoSGWO0.1 in panel (e)
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Zonal-mean temperature (SWAD) in July (€prim = 0.125)
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Figure 13: Latitude-height distributions of zonal-mean temperature for July in (a)
JAWARA, (b) CTRL, (c) SGW, (d) SGWO0.5, and (e) SGWO0.1. Contour interval is 10 K.
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Figure 14: The same as Fig. 13 except for NoSGWO0.1 in panel (e)
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Figure 15: Latitude-height distributions of zonal-mean zonal wind for July in (a) MERRAZ2,
(b) CTRL, (¢) SGW, (d) SGW0.5, and (e) SGWO0.1. Contour interval is 10 m/s.
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Zonal-mean temperature (SWAD) in January (€prim = 0.125)
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Figure 16: Latitude-height distributions of zonal-mean temperature for July in (a)
MERRA2, (b) CTRL, (c) SGW, (d) SGW0.5, and (e) SGWO0.1. Contour interval is 10 K.
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Figure 17: Latitude-height distributions of zonal-mean total (orographic plus
non-orographic) zonal primary gravity wave drag for January in (a) CTRL, (b) SGW, (c)
SGWO0.5, (d) SGWO0.1, and (e) NoSGWO0.1. Contour interval is logarithmic, and negative

values are plotted in dashed lines.

_38_



Az 2ol @e 2= AL BAF 4+ Atk 2o Feo] Fz UEyt: AL 23 @
92 ned Aol A vieto] AR o] @& (HEFL) vheh)

S oz ddd 4 vk 24 dzlEdshe] ol@ @eo] glm, 14 14 AR
10%= EAE5Es s 74 (NoSGWO0.1), 12 ti7|Fd 3 = T2+ A ¥vhs

%
&%, o8 WP e wed 7x7h o Fhel dehge

b4

=
~
ofN
HiL)
o
)
HiL)
o
=
An)
ot
i
i)
@)
D
=
o
=
=)
o
w
D
=
=)
=
=2
>
[
_>|‘1_'4
B
1L
oL =
~N
ofN
HiL)
o

ol AA SrAAAAE B3 Uehts Ree B 5 Aok 94 A
s}

aEolZA GRS A = A 2 F dve AS AARRTL

Primary orographic zonal GWD (SWAD) in January (€pim = 0.125)

(a) CTRL (b) SGW (c) SGW {Epnm x0.5) (d) SGW {ipnm x0.1) (d) No SGW {ipnm % 0.1)
120 1 1 1 1 1 120 1 1 1 1 1 120 1 1 1 1 1 120 1 1 1 1 1 120 1 1 1 1 1
| Pt B |
7NN 7
| 4'”\\‘\‘ i /;'\‘\ ~ | |
100 100 ‘\'\‘\Ur’ﬁ': 100 o /1 oo i 100
4 100 100 5 100 4 \t. |00 L
. A TR I 3
Iy Ny ) -
AN A P s [
i ff‘,\\«ﬁ' =T W ST M=y [
80 ey [ 801 iR gy HIART] N 80 SN
3 I i ) e e
N W i file= A
T R RN S it venn i HHF, W
£ wl '!.‘\r.\‘-%“\ ',H{- 60 it h‘\w}l\\ - 60 - it - so 5}\'“ Wi s0- ﬂ\;\,v H]ﬁ"
8 Wik it i [ it 3 i 5 Wikedliass 11
N R N R i ity g
il =l (N ety i\ <0 it ey
40 o 40 u\\_.’,n’f - 40 - n‘\ujr‘ff - 40 - '|\‘-'J'5’ - 40 ;1\\_},':: B
[k TS il | s /i
t\L\f: i \\f,jl \ “frj’ 1‘\\-‘;1[ W%
Ve | o | Lol il L
20 D - 20 4 zo ko204 e k204 Vil b 204 I
T & [ v @y | R (1 Y o9 | Y@
iy %é’é “t’;"/’ qé{g‘/ [ Jt%;:
-] L il = [ k-3 i = B k=3 G il =] LY e e | £~ S LS [
D B s e e S B e i s e S S e I B i e I e AL Ak s 2
3 3 3 3 3
905 605 305 EQ 30N 60N 90N 905 605 305 EQ 30N 60N 90N 905 605 305 EQ 30N 60N 90N 905 60S 305 EQ 30N 60N 90N 905 605 305 EQ 30N 60N 90N
Latitude (deg) Latitude (deg) Latitude (deg) Latitude (deg) Latitude (deg)

Figure 18: Latitude-height distributions of zonal-mean zonal primary orographic gravity
wave drag for January in (a) CTRL, (b) SGW, (¢) SGWO0.5, (d) SGWO0.1, and (e)

NoSGWO0.1. Contour interval is logarithmic, and negative values are plotted in dashed lines.
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Figure 19: Latitude-height distributions of zonal-mean total zonal secondary gravity wave
drag for January in (a) CTRL, (b) SGW, (¢c) SGWO05, (d) SGWO0.1, and (e) NoSGWO.1.

Contour interval is logarithmic, and negative values are plotted in dashed lines.
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Figure 20: Latitude—height distributions of zonal-mean zonal secondary non-orographic
gravity wave drag for January in (a) CTRL, (b) SGW, (c) SGWO0.5, (d) SGWO0.1, and (e)

NoSGWO0.1. Contour interval is logarithmic, and negative values are plotted in dashed lines.
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Secondary orographic zonal GWD (SWAD) in January (g€prim = 0.125)
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Figure 21: Latitude-height distributions of zonal-mean zonal secondary orographic gravity
wave drag for January in (a) CTRL, (b) SGW, (c) SGWO0.5, (d) SGWO0.1, and (e)

NoSGWO0.1. Contour interval is logarithmic, and negative values are plotted in dashed lines.
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Figure 22¢ Latitude-height distributions of zonal-mean total (orographic plus
non-orographic) zonal primary gravity wave drag for July in (a) CTRL, (b) SGW, (c)
SGWO0.5, (d) SGWO0.1, and (e) NoSGWO0.1. Contour interval is logarithmic, and negative
values are plotted in dashed lines.
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Figure 23: Latitude-height distributions of zonal-mean zonal primary orographic gravity
wave drag for July in (a) CTRL, (b) SGW, (c) SGW0.5, (d) SGW0.1, and (e) NoSGWO.1.

Contour interval is logarithmic, and negative values are plotted in dashed lines.
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Figure 24: Latitude-height distributions of zonal-mean total zonal secondary gravity wave
drag for July in (a) CTRL, (b) SGW, (c) SGW0.5, (d) SGWO0.1, and (e) NoSGWO0.1. Contour

interval is logarithmic, and negative values are plotted in dashed lines.
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Hoodqto] Apgs dl WACCM6 (Gettelman et al., 2019)2 vl= NCARel A
MEEsl AR 7] EA) 2~ mdlel Community Earth System Modeloll A4 o) 7 A 5-€

A sHEEAY AT dZlE vy dvl 2 AEdES Jhezith. WACCM6=
Community Atmospheric Model version 6 (CAM6)e] ASt7] HAS & 4 o).
WACCM6 &=2td Mg &2]-318t #goly o] WACCM6E F3qd + s AT
of sl A+ Gettelman et al. (20195 #F1d = Ul 7[2H o2 WACCM S5l
7] Z& URAA £Fsh= ghst 2 doj2E& Aol digh v AT 28 FES
Abek = oy, B ATl A ol2ld she S AEE desiAlA Bl 8 ARE
S W& #9 specified chemistry ¥ A& €833}t o] specified chemistry H 7ol
3l A= Smith et al. (201404 A HE&S AT = Ao} Fu= destd 3t
gho]l 2E WACCM6 A= A8t f18iA CESM2.2.02 =¥ ool £7]¥ ut
9} o] FWsc2000climodt+ component sets ©]-&3to] 23S AT of gl A
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716 BEsi = AR 25 AXE ARESESIH

1z

export SCRATCHDIR="/data2/songi/SCNDGW/scratch”
export INPUTDIR="/data/CESM2/inputdata”
export MACHINENAME="lumos"

cd “/CESM2/cesm2.2.0/cime/scripts
Jcreate_newcase ——case ${SCRATCHDIR}/fw2ctrl ——compset FWsc2000climo —-res f19_f19_mg17
——machine ${MACHINENAME} —-compiler intel ——run-unsupported -i ${INPUTDIR}

/xmichange CAM_CONFIG_OPTS="-phys cam6 -chem waccm_sc_mamé4 -nlev 70"

3 compset<= https://docs.cesm.ucar.edu/models/cesm2/config/compsets.html ] A
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Alias 4 longname Defined Support 4

By Level
© FWwsc2000climo 2000_CAMB0%WCSC_CLM50%SP_CICE%PRES _DOCN%DOM_MOSART_SGLC_SWAV cam Scientific /
Tested
Scientifically Supported Grids
¢ f09_f09_mgl7
Details
Value Description
Initialization Time 2000 1850: Pre-Industrial; 2000 present day:
Additional Initialization times defined by components.

Atmosphere CAMBO%WCSC CAM camB physics:WACCM specified chemistry:

Land CLM50%SP clmb.0:Satellite phenology:

Sea-lce CICE%PRES Sea ICE (cice) model version & :prescribed cice

Ocean DOCN%DOM DOCN prescribed ocean mode

River runoff MOSART MOSART: MOdel for Scale Adaptive River Transport

Land ice SGLC Stub glacier (land ice) component

Wave SWAY Stub wave component
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Figure 25: Latitude-height distributions of zonal-mean zonal wind for January in (a)
JAWARA, (b) WACCM6 CTRL, (c) SGW, and (d) SGWO0.1. Contour interval is 10 m/s.
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Figure 26: Latitude-height distributions of zonal-mean zonal temperature for January in (a)
JAWARA, (b) WACCMS6 CTRL, (c) SGW, and (d) SGWO0.1. Contour interval is 10 K.
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Figure 27: Latitude-height distributions of zonal-mean zonal wind for January in (a)
MERRAZ2, (b) WACCMS6 CTRL, (c) SGW, and (d) SGWO0.1. Contour interval is 10 m/s.
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Figure 28: Latitude-height distributions of zonal-mean temperature for January in (a)
MERRAZ2, (b) WACCM6 CTRL, (c) SGW, and (d) SGWO0.1. Contour interval is 10 K.
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Figure 29: Latitude-height distributions of zonal-mean zonal



Zonal-mean temperature (WACCM®) in July (€prim = 0.125)
{a) T (JAWARA} {b) CTRL (c) SGW

(d) SGW (£prm X 0.1)

120

100
80

&0

Z (km)

40

20

905 605 305 EQ 30N 60N 90N 905 €05 305 EQ 30N GOM 90N 905 605 305 EQ 30N GON 90N 905 605 305 EQ 30N 60N 90N
Latitude (deg) Latitude (deg) Latitude (deg) Latitude (deg)

Figure 30: Latitude-height distributions of zonal-mean temperature for July in (a)
JAWARA, (b) WACCMS6 CTRL, (c) SGW, and (e) SGWO0.1. Contour interval is 10 K.

Figure 31> MERRA2, WACCM6 CTRL, SGW, SGW0.19] 303 H 7€ ot
FAET A vt dE-11x BE¥YE 1% 80 km7FA Hel 1Holtk. WACCM6
CTRLE #g wbp (F9b) S0AAE ¥ (IX 70-80 km)ollA oln &F
(westward wind) .= wigho] o] gl= EFo] Hlth whiH 23 i 54 5
37 39 SGW, SGW0.1 239 = =
AEE Asd oxE Aletdth gk F 28507 AEHoA Aaid wdo] yE
S orddl AF AEZF SGWO.10IA YERA e He tha ol Heolth

T3, o5 Wb FA FFol 22 TEYE agsile W vha ARl

Zonal-mean zonal wind (WACCM®) in July (€prim = 0.125)

I(b) CT"TRLI I(u:) SInGWI (Cll) SC?W (fpnmlx 0.;’1]

80

80

80

80

20 + 20

B e e L o e 1 b e e L o o ST
905 605 30S EQ 30N 60N 90N 905 60S 305 EQ 30N 60N SON 905 605 305 EQ 30N GON 90N 905 €05 305 EQ 30N 60N 90N
Latitude (deq) Latitude (deg) Latitude (deg) Latitude (deg)

Figure 31: Latitude—height distributions of zonal-mean zonal wind for July in (a) MERRAZ2,
(b) CTRL. (c) SGW,. and (d) SGWO0.1. Contour interval is 10 m/s.
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Figure 32: Latitude-height distributions of zonal-mean temperature for July in (a)
MERRAZ2, (b) WACCM6 CTRL, (c) SGW, and (d) SGWO0.1. Contour interval is 10 K.
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Primary total zonal GWD (WACCM®) in January (€prim = 0.125)
(a) CTRL (b) SGW
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Figure 33: Latitude-height distributions of zonal-mean primary total (orographic, convective,
and frontal) zonal gravity wave drag for January in (a) WACCM6 CTRL, (b) SGW, and
(c) SGWO0.1. Contour intervals are logarithmic, and negative values are plotted in dashed

lines.
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Primary orographic zonal GWD (WACCM®6) in January (gprim = 0.125)
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Figure 34: Latitude-height distributions of zonal-mean zonal primary orographic gravity
wave drag for January in (a) WACCM6 CTRL, (b) SGW, and (c) SGWO0.l. Contour

intervals are logarithmic, and negative values are plotted in dashed lines.
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Secondary total zonal GWD (WACCM®) in January (€prim = 0.125)
(a) CTRL {b) SGW (€) SGW (Eprim % 0.1)
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Figure 35: Latitude—height distributions of zonal-mean zonal secondary total gravity wave
drag for January in (a) WACCM6 CTRL, (b) SGW, and (¢c) SGWO0.1. Contour intervals are

logarithmic, and negative values are plotted in dashed lines.

Secondary frontal zonal GWD (WACCM®) in January (€prim = 0.125)
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Figure 36: Latitude-height distributions of zonal-mean zonal secondary frontal gravity wave
drag for January in (a) WACCM6 CTRL, (b) SGW, and (c) SGWO0.1. Contour intervals are

logarithmic, and negative values are plotted in dashed lines.
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Primary total zonal GWD (WACCM®) in July (€prim = 0.125)
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Figure 37: Latitude-height distributions of zonal-mean primary total (orographic, convective,
and frontal) zonal gravity wave drag for July in (a) WACCM6 CTRL, (b) SGW, and (c)

SGWO.1. Contour intervals are logarithmic, and negative values are plotted in dashed lines.
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Primary orographic zonal GWD (WACCM®) in July (Eprim = 0.125)

(a) CTRL (b) SGW (€) SGW (Eprim % 0.1)
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Figure 38: Latitude-height distributions of zonal-mean zonal primary orographic gravity
wave drag for July in (a) WACCM6 CTRL, (b) SGW, and (¢) SGWO0.1. Contour intervals

are logarithmic, and negative values are plotted in dashed lines.
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Secondary total zonal GWD (WACCM®) in July (Eprim = 0.125)

(a) CTRL (b) SGW (€) SGW (Eprim % 0.1)
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Figure 39: Latitude-height distributions of zonal-mean zonal secondary total gravity wave
drag for July in (a) WACCM6 CTRL, (b) SGW, and (c) SGWO0.1. Contour intervals are

logarithmic, and negative values are plotted in dashed lines.

Secondary frontal zonal GWD (WACCM®) in July (€prim = 0.125)
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Figure 40: Latitude-height distributions of zonal-mean zonal secondary frontal gravity wave
drag for July in (a) WACCM6 CTRL, (b) SGW, and (c) SGWO0.1. Contour intervals are

logarithmic, and negative values are plotted in dashed lines.
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Residual-mean meridional flow (WACCM®6) in January (€prim = 0.125)
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Figure 41: Latitude-height distributions of residual mean meridional flow (m/s) for January
in (a) JAWARA, (bh) WACCM6 CTRL, (¢) SGW, and (d) SGWO0.1. Contours are

logarithmic. Negative values are plotted in dashed lines..
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Residual-mean vertical flow (WACCM®B) in January (€prim = 0.125)
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Figure 42: Latitude-height distributions of residual mean vertical flow (mm/s) for January
in (a) JAWARA, (bh) WACCM6 CTRL, (¢) SGW, and (d) SGWO0.1. Contours are

logarithmic. Negative values are plotted in dashed lines..
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Residual-mean meridional flow (WACCM®) in January (gprim = 0.125)
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Figure 43: Latitude-height distributions of residual mean meridional flow (m/s) for January
in (a) MERRA2, (b) WACCM6 CTRL, (¢) SGW, and (d) SGWO0.1. Contours are logarithmic.

Negative values are plotted in dashed lines..

Residual-mean vertical flow (WACCM®6) in January (gprim = 0.125)
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Figure 44: Latitude-height distributions of residual mean vertical flow (mm/s) for January
in (a) MERRA2, (b) WACCM6 CTRL, (c) SGW, and (d) SGWO0.1. Contours are logarithmic.

Negative values are plotted in dashed lines..

Figure 45 JAWARA, WACCM6 CTRL, SGW, SGW0.1¢] 30 Hr# 7L
gt ke =3 (residual mean meridional circulation) @5 &&9] W&
el 2ol 199 A9 vHsiAE CTRLS WFA dEe 3oy S3d
oF WE I pole-to-pole =S # HoJstar k. FrHA CTRLE
JAWARA®] #®]3] A& WaF (Fnkt W3k 2Aew ¢34 3 ik Ao gtk
CTRLe A% <4 shiolA wkd wake] e ¢gho] AehA Eolx= wkd

—y
>
=
>
=
>
=
o
rlr
)
rTU
td
oy
)
)
o
o
uj
=
B
52
=
30
i)
-
>
=
>
=
>
lo
o
-z
e
)
iy
[-v (

_60_



Residual-mean meridional flow (WACCM®6) in July (€prim = 0.125)

(a) U (JAWARA) (b) CTRL (d) SGW (€prim % 0.1)
= 120 -t bt

100 100

80 4

0

60 = 60 =

Z (km)

40 1 40 4

204 204

0 0 -
905 60S 305 EQ 30N 60N OON 905 605 305 EQ 30N 60N 90N 905 605 30S EQ 30N 6ON 90N 905 60S 305 EQ 30N 60N OON
Latitude (deg) Latitude (deg) Latitude (deg) Latitude (deg)

Figure 45: Latitude-height distributions of residual mean meridional flow (m/s) for July in
(a) JAWARA, (bh) WACCM6 CTRL, (c) SGW, and (d) SGWO0.1. Contours are logarithmic.

Negative values are plotted in dashed lines..
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Residual-mean vertical flow (WACCM®) in July (€prim = 0.125)
(a) U (JAWARA) {b) CTRL (c) SGW (d) SGW (€prm % 0.1)
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Figure 46: Latitude-height distributions of residual mean vertical flow (mm/s) for July in
(a) JAWARA, (bh) WACCM6 CTRL, (c) SGW, and (d) SGWO0.1. Contours are logarithmic.

Negative values are plotted in dashed lines..
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Residual-mean meridional flow (WACCM®) in July (Eprim = 0.125)
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Figure 47: Latitude-height distributions of residual mean meridional flow (m/s) for July in
(a) MERRA2, (b) WACCM6 CTRL, (c) SGW, and (d) SGWO0.1. Contours are logarithmic.

Negative values are plotted in dashed lines..
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Residual-mean vertical flow (WACCM®) in July (gprim = 0.125)
(a) U (MERRA2) (b) CTRL (c) SGW (d) SGW (spnm % 0. 1]
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Figure 48: Latitude-height distributions of residual mean vertical flow (mm/s) for July in
(a) MERRA2, (b) WACCM6 CTRL, (¢c) SGW, and (d) SGWO0.1. Contours are logarithmic.

Negative values are plotted in dashed lines..
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Total GW-induced eddy diffusivity (WACCMS®) in January (gpim= 0.125)
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Figure 48: Latitude-height distributions of total gravity-wave induced eddy diffusivity
(m%s) for January in (a) WACCM6 CTRL, (b) SGW, and (¢) SGWO.l. Contours are

logarithmic. Negative values are plotted in dashed lines..
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Total GW-induced eddy diffusivity (WACCM®6) in July (€prim = 0.125)
{b) SGW (€) SGW (Eprim % 0.1)
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Figure 49: Latitude-height distributions of total gravity-wave induced eddy diffusivity
(m%*s) for July in (a) WACCM6 CTRL, (b) SGW, and (c) SGWO.l. Contours are

logarithmic. Negative values are plotted in dashed lines..
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EP flux divergence (WACCMG6) in January (g€prim = 0.125)
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Figure 50: Latitude-height distributions of Eliassen-Palm flux divergence (m/s/day) for
January in (a) JAWARA, (b) WACCM6 CTRL, (c) SGW, and (d) SGWO0.1. Contours are

logarithmic. Negative values are plotted in dashed lines..
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EP flux divergence (WACCM®) in July (gprim= 0.125)
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Figure 51: Latitude-height distributions of Eliassen-Palm flux divergence (m/s/day) for July
in (a) JAWARA, (b) WACCM6 CTRL, (¢) SGW, and (d) SGWO0.l. Contours are

logarithmic. Negative values are plotted in dashed lines..
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Vertical component of EP flux (WACCM®6) in January (€pim = 0.125)
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Figure 52: Latitude-height distributions of the vertical component of Eliassen—-Palm flux for
January in (a) JAWARA, (b) WACCM6 CTRL, (¢c) SGW, and (d) SGWO0.1. Contours are

logarithmic. Negative values are plotted in dashed lines..
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Vertical component of EP flux (WACCM®6} in July (€prim = 0.125)
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Figure 53: Latitude-height distributions of the vertical component of Eliassen-Palm flux for
July in (@) JAWARA, (b) WACCM6 CTRL, (¢) SGW, and (d) SGWO0.1. Contours are

logarithmic. Negative values are plotted in dashed lines.
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Aol A mdl 3] 343 o] x3kE WACCM6 Wdh Awe

o] FWmadHIST#= component setS ©] &3t AdS AAdsAT. o]z A} 2

o] #H Ao ® 2% AA (f19_f19_mgl7E AH-&stTh.

export SCRATCHDIR="/data3/songi/SCNDGWMAD/scratch”
export INPUTDIR="/data/CESM?2/inputdata”
export MACHINENAME="lumos"

cd ~/CESM2/cesm?2.2.0/cime/scripts
Jcreate_newcase —-case ${SCRATCHDIR}/fw2ctrl ——compset FWmadHIST —-res f19_f19_mgi7
——machine ${MACHINENAME} ——compiler intel ——run-unsupported —-i ${INPUTDIR}

Jxmlchange CAM_CONFIG_OPTS="-phys cam6 -chem waccm_mad_mam4 -nlev 70"

g compsets https://docs.cesm.ucar.edu/models/cesm2/config/compsets.html o] A

AMG 5 qlom, ofest o] 7 AXIE mdlo] gH

Alias A longname Defined Support
By Level
©® FWmadHIST HIST_CAMB0%WCMD_CLM50%SP_CICE%PRES _DOCN%DOM_MOSART _SGLC _SWAV cam Defined

Scientifically Supported Grids

Details

Value Description

Initialization Time HIST 1850: Pre-Industrial; 2000 present day:
Additional initialization times defined by components.

Atmosphere CAMBO%WCMD CAM camb physics:WACCM with middle atmosphere chemistry with enhanced D-region ion
chemistry:

Land CLMB0%SP clmb.0:5atellite phenology:

Sea-ice CICE%PRES Sea ICE (cice) model version 5 :prescribed cice

Ocean DOCN%DOM DOCN prescribed ocean mode

River runoff MOSART MOSART: MOdel for Scale Adaptive River Transport

Land Ice SGLC stub glacier (land ice) component

Wave SWAV Stub wave component
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Figure 54: Time series of monthly-mean Ap, F10.7, SPE ionization rate (10°-10" g s™),
MEE ionization rate (10° g s!), and GCR ionization rate (10° g s-1) from 2000 to 2014.

Tonization rates are values at 78 km in altitude and 68°N.
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Figure 55: Latitude-height distributions of the ionization rates of (a) solar proton (10° g
s, (b) medium energy electrons (10° g s1), and (¢) galactic cosmic rays (10° g s on 31
October 2003.
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Zonal-mean zonal wind (WACCM&-MAD) in January (€prim = 0.125)
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Figure 56: Latitude-height distributions of zonal-mean zonal wind for January in (a)

JAWARA, (b) WACCM6-MAD CTRL, (¢c) SGW, and (d) SGWO0.1. Contour interval is 10

m/s.

Zonal-mean zonal wind (WACCM6-MAD) in July (€prim = 0.125)

(a) U (JAWARA) (b) CTRL

e
= AT =1
ju) e |

\ “’o.\:\b E i
100 o X oh 100
o=

80 1

(d) SGW (€prm X 0.1)

| f\’f

120

80

=3 |
e
=
. —

el
I =——

60 o 60

Z (km)

-~

40 1 40

20+ 20

0 e R 0 L A B g
905 605 305 EQ 30N 60N 90N 905 605 305 EQ 30N GOM 90N 905 605 305 EQ 30N GON 90N 905 605 305 EQ 30N 6ON 90N
Latitude (deg) Latitude (deg) Latitude (deg) Latitude (deg)

Figure 57: Latitude-height distributions of zonal-mean zonal wind for January in (a)
JAWARA, (b) WACCM6-MAD CTRL, (c) SGW, and (d) SGWO0.1. Contour interval is 10

m/s.
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Total GW-induced eddy diffusivity (WACCM6-MAD) in January (€prim = 0.125)
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Figure 58: Latitude-height distributions of total gravity-wave induced eddy diffusivity
(m%s) for January in (a) WACCM6-MAD CTRL, (b) SGW, and (¢c) SGWO0.1. Contours are

logarithmic. Negative values are plotted in dashed lines..

Total GW-induced eddy diffusivity (WACCM6-MAD) in July (gprim = 0.125)
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Figure 59: Latitude-height distributions of total gravity-wave induced eddy diffusivity
(m?%s) for January in (a) WACCM6-MAD CTRL, (b) SGW, and (c) SGWO0.1. Contours are

logarithmic. Negative values are plotted in dashed lines..
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Figure 60: Time-height distributions of total GW induced eddy diffusivity (m?/s)
between 70°N and 90°N in (a) WACCM6-MAD CTRL, (b) SGW, and (c) SGWO.1.
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Figure 60: Time-height distributions of total GW induced eddy diffusivity (m?/s)
between 70°S and 90°S in (a) WACCM6-MAD CTRL, (b) SGW, and (c) SGWO.1.
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Zonal-mean NOx (ppbv, WACCM6-MAD) in January (€pim = 0.125)
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Figure 61: Latitude-height distributions of NOx concentration (ppbv) for January in (a)
WACCM6-MAD CTRL, (b) SGW, and (c) SGWO0.1. Contours are logarithmic.

Zonal-mean NOx (ppbv, WACCM6-MAD) in July (€prim = 0.125)
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Figure 62: Latitude-height distributions of NOx concentration (ppbv) for July in (a)
WACCM6-MAD CTRL. (b) SGW. and (c) SGWO0.1. Contours are logarithmic.
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Figure 63: Latitude-height distributions of ozone concentration (ppmv) for January in (a)
WACCM6-MAD CTRL, (b) SGW, and (c) SGWO0.1. Contours are logarithmic.
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Figure 64: Latitude-height distributions of ozone concentration (ppmv) for January in (a)
WACCM6-MAD CTRL. (b) SGW. and (c) SGWO0.1. Contours are logarithmic.
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Figure 65: Time-height distributions of NOx concentration (ppbv) between 70°N and
90°N in (a) WACCM6-MAD CTRL, (b) SGW, and (c) SGWO0.1.
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Figure 66: Time-height distributions of NOx concentration (ppbv) between 70°S and
90°S in (a) WACCM6-MAD CTRL, (b) SGW, and (c) SGWO.1.
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Figure 67: Time-height distributions of NOx concentration (ppbv) between 70°N and
90°N in (a) WACCM6-MAD CTRL, (b) SGW, and (c) SGWO.1.
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Figure 68: Time-height distributions of NOx concentration (ppbv) between 70°S and
90°S in (a) WACCM6-MAD CTRL. (b) SGW, and (c) SGWO.1.
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Figure 69: Time series of zonal-mean zonal wind at 10 hPa and 60°N for NH cold
seasons (October-March) in (a) WACCM6-MAD CTRL, (b) SGW, and (c) SGWO.1.
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Figure 70: Time series of temperature at 30 hPa averaged over 60°N-90°N for NH cold
seasons (October-March) in (a) WACCM6-MAD CTRL, (b) SGW, and (c) SGWO.1.
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Figure 71: Time series of zonal-mean zonal wind at 10 hPa and 60°S for SH cold
seasons (April-September) in (a) WACCM6-MAD CTRL, (b) SGW, and (c) SGWO0.1.
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Figure 72: Time series of temperature at 30 hPa averaged over 60°S-90°S for SH cold
seasons (April-September) in (a) WACCM6-MAD CTRL, (b) SGW, and (c) SGWO.I.
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