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Thermal Solar Tides (24-hr and 12-hr)
simulated by WA models, WACCM-X an
WAM with GEOS products: MERRA2,
GEOS-5/FP (surf -50 km).

Similar diagnostics of tidal modes and
daily mean from the
WACCM-X-FV/GEOS — 21-st century (1¢
/145L, McInerney, 2022) and
GSMWAM/GEOS - 2009-2018 (~2°
/150L, Yudin et al., 2020).

Key features of spatio-temporal

variability: vertical and geographical maps;

seasonal, inter-annual, event-driven and

day-to-day variations.
Y Y McCormack et al 2021

<
00 it

WAM
A A A

so 4w

30

o4
A0
an-]

0 “rrrryrvyrrrreYYT

=Rest DW1 < 5-7

SW o,

“F waAM with NCEP-

DA of LA data,

' - Ghr AT cycles

|0

TTT T T
10 20 20 40 50

WACM-_X
1 1 I

80

J E’ E?g 15 K
m

-

e———
10 20
Day of Year, 2009

DW1
WACCM-X with

[ 1/R~?(<12 hr)

0 an +1¥] L

nnnnnnnnnnnnnnnnnnnnnnn

WA

€0
60
30

0

—&

B
30+

NOGAPS-ALPHA %7

Q

004

80

-0
0

Sw2

-—d"‘""—-
A

M\vz E

T T
o >

T T
&0 oo e

WACCM-X
1 1 1

Weakest SW2,~ 5-10 K

1
“ L

=T Pedatellaetal., 2014

60
Day since 1 Jan 2010

~_(b) JAGUAR-DAS =
7 i

i ﬁm»‘%w

Al A_m\hl
w]f’fﬂ’

f oy

i

&0 B0 &0
2009

T T T
1m0 70 =
Doy ol Yeur

0 30 30 40 %0 80

; SW2-90km

a0y

60
Day slnoe1 Jan 2010



Latitude

Latitude, deg

Latitude, deg

24-hr Tide: Seasonal Variability of DW1 at 97 km and DE3 at 105 km:
SABER, WACCM-X/GEOS and WAM/GEOS (2009-2016)

(a) SABER 2009-2016: DW1-Tampl, 97 km (a) SABER 2009-2016: DE3-Tampl, 105 km
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(b) 2009-2016: DW1,T-re, WACCM-X/GEOS, 97 km

(b) 2009-2016: DE3,T-re, WACCM-X/GEOS, 105 km
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(¢) 2009-2016: DW1,T-re, WAM/GEQS, 97 km (c) 2009-2016: DE3,T-re, WAM/GEOQOS, 105 km
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Latitude

Latitude, deg
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Annual cycles of 12-hr Tide in SABER/TIMED and WACCM-X/GEOS
and Impact of SSW events in the MLT ( 100-120 km)

(

(a) SABER 2009-2020: SW2-Tampl, 107 km
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(a) T-12hr, [K], 2013-01-16, 125km
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After onset of Arctic SSW events the 12-hr tide represents
a dominant mode at 110-150 km, perturbing diurnal
cycles of density, neutral composition and plasma.



Tidal Variability in the MLT: Annual cycles of SW2 (105 km) and
DW1 (95 km) in SABER and WAM/GEOS; role of MF and GWs

(a) SABER 2009-2016: SW2-Tampl, 105 km

(a) SABER 2009-2016: DW1-Tampl, 95km
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The zonal mean flow, as the background for
upward propagating tides represents a key
mechanism for seasonal variability of the
12-hr tide (SW2) in the extratropical MLT and
24-hr tide in the tropics; absence of NGW
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Annual Cycle (2009) of Zonal Mean Temperature (10°N-10°S, WAM,
WACCM-X, MLS/EOS-Aura and SABER/TIMED) and Zonal Winds
(35°S-45°S, WAM, WACCM-X, GEOS and URAP-climatology)

(a) W p-re,10S/10N (b) WACCM-X/MER2, Mon-Temp
e g preye——— —
110E 110 3
g 100 loo
2
-
2
2
=
Z
2
e
&
JI-I\'M.I.IA()NDJ JF'IAJAS)NJ
months
Temperature, K
140 160 180 200 220 240 260 280 300
(c) MLS/Aura: Temp-re, K (d BER/TIMED: Temp- K
110 110
E 100 g 100
% 90 5
2 = 3 e_i=a 2
2 80 — VAL~ 4 =
£ 70M £
L op—————————— g
e e A |
JFMAMJJASOND] .II'MAMJJAS()NDJ

months

d) Nﬂ(‘HTI QABFR WACCM
1L

105¢

95F

%0

WACCM-X

SABER

MIGHTI

160 lxﬂ

2 " "
200 220 240

75-day Av-ed Temp-re, K

200

ICON-orhit .12 hr

0

-0 D 1 20 3 ¥

months

WX/GS-arbit 12 hr

iy
L

105

100

nega

“x)

10 0 0 0 3 A

lastitude latitude

log-press height.km

log-press height.km

(a) WAM/GEOS-2009: EW-wind, 40S (b) “ ACCM-X/MER2:

EW-wind, 4(

=

20

2

o«

5

o™

p—
1] A= X X
JI-l\lAI\lJJAS()NDJ J FMAMYJ JASOND]
months . months
E-W zonal wind, nv/s

-100 -80 -60 -40 -20 0 20 40 60 80 100

120

vvvvvvvv

100

log-press height,km

JI-MAMJJAS()NDJ
months

(d) URAP: EW “md 408,1992-97

MAMJ JASOND]
months

JF

Two schemes of GW physics in WACCM-X and
WAM => control seasonal variations of the
zonal mean dynamics above SD/SM region in
the moderate 1-2 deg resolution runs.



height, km
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Year-to-Year Variability of the Equatorial (5N-5S) Zonal Mean Flow
in (WACCM-X/GEOS, WAM/GEOS, 2009-2013 and URAP, 1993-97)

(a)w A\I/GEOS EW-wind, m/s
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WAM-SM (spectral) and WACCM-X/SD (FV-dycore)

simulate the different daily mean MLT flows that define the
propagation env-nt for tides and gravity waves.

(a) 2009-12: WACCM-X, U-wind

http://database.rish.kyoto-u.ac.jp/arch/iugonet/
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24-hr Tide Longitudinal (03/2009 vs 03/2012) and Year-to-Year
Variability at 95 km: SABER, WAM/GEOS and WACCM-X/GEOS

03/2011 SABER: T-24hr, K 03/2012 SABER: T-24hr, K

The Mar-Apr 24-hr QBO-W amplitudes are ~
1.5/2 times larger than QBO-E tide.

(a) SABER: T-24hr Amplitudes (K) at 95 km

S R AL
2 Ak A Al A A sanhad
U :5.”. | NI SENe ' S SR ?; 4 a . '
QBO-W (2009) .|| QBO-E(2012) :
03/2011 WAM: T-24hr. K 03/2012 WAM: T-24hr. K ;;', :

Jo9 J10 Ji1 J12 Ji13 Ji4 J15
Years 2009-2014

Tidal Temperature Amplitudes, K

0 3 6 9 12 15 18 21 25
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03/2012 WACCM-X: T-24hr, K

Latitude (deg) and Zonal wind (m/s)
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The equatorial diurnal temp-re amplitudes
(01/2009-01/2015) deduced from
SABER/TIMED data (top) and simulated by
WAM/MERRA-2 (bottom); QBO in eq-|
zonal wind at 28 km —red-dashed line.

Needs to better constraint the tidal forcing of WA
models in the troposphere (DC of latent heat and H,0)



Tidal Variability (2009-2012) of the 24-hr temperature oscillations:
SABER/TIMED, WAM/GEOS and WACCM-X/GEOS

2009 Mar/Apr ,SABER, T-24hr 2009 Mar, WAM, T-24hr 2009 Mar, WACCM-X, T-24hr

WA simulations constrained by GEOS can
reproduce the enhancement of 24-hr tidal
amplitudes for QBO-W years (2009 & 2011);
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2010 Mar, WAM, T-24hr 2010 Mar, WACCM-X, T-24hr (a) tldal diagnOStics from data (60_day SABER) and

2010 Mar/Apr , SABER, T-24hr

models (daily);

-‘§ § § (b) model physics and dynamics, and
) ] z (c) algorithms to ingest the GEOS-meteorology in WAM
and WACCM.
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Tidal Variability (2009-2012): QBO of the 24-hr tidal meridional
wind oscillations (Equinoxes); ‘strong’ tide during QBO-W phase

a) 2009-Mar: WAM/MERRA, GW-phys (b) 2012-Mar: WAM/MERRA, GW-phys
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(c) 2009: WAM/MERRA, w/o GWs (d) 2012: WAM/MERRA, w/o GWs
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In WAM simulations stratospheric QBO of MERRA-2
produce E/W modulation of the diurnal tide seen im
WAM/MERRA-2 TIDI/TIMED TIDI winds and SABER temperatures (85-105 km).



Latitude,deg and Wind, mvs

Latitude, deg and Wind, nvs

Latitude, deg and Wind, m/s

2009-2013: Variability of the Zonal Winds (85 km —left) and during Mar
for QBO-W/E (2009/2012, WACCM-X, WAM), and 1993/1996 (URAP)

(a) W AM/(:E()S‘ EW-wind nys, 85 km. 2009-2013
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WACCM-X/MERRA-2 during SSW (2009-2021)

The WACCM-X with MERRA-2 during all
Arctic winters with major and minor SSW
events

Nine major and minor midwinter Arctic

SSW events and minor Antarctic SSW (2019)  <f~ A a4

=> Perturb I'TM tidal and PW dynamics that
initiate plasma perturbations.

Recent Arctic Jan 2021 long lasted SSWasin ==

Jan-Feb of 2009 (blue lines).

SABER: Zonal Mean Temp-re, Dec 2020-Jan 2021, SON
100 =

80
60
40 Z=

20 -

52

Dec20 Dec25 Janl Jans Jan10 Janl5 Jan20 Jan25 Jan31
Temperature , K
e e ]

160 170 180 190 200 210 220 230 240 250 260 270 280

WACCMX: Zonal Mean Temp-re, Dec 2020-Jan 2021, SON
100

20

Dec20 Dec25 Janl Jans Jan10 Janls Jan20 Jan2s Jan31

Latitude

Latitude

Latitude

Decl DeclS Janl

(a) 2009-2019: WACCMX/GEOSS5 Daily Temp. [BON-SON

—009_Sm 2016_SM 2018_Sm

]
[]
1

- — 2010_Sm 2017 _SM cm—mO19_Sm
- - 201
= zaof 2012_sMm
2 —013_SM
5 BT oiaam ——— - N - e
2014_sSm
£ 2z0f -
= 2015_SM
200p=

o 20
Days relative to Jan 1

zonal wind, m/s

o 20 40 60
Days relative to Jan 1

T-SW2. WACCMX. sc=40. 2021. 35 km T-SW2 WACCMX. sc=4. 202185 km

Latitude

T-SW2. WACCMX., 2021, 110 km

Latitude

_
<l DeclS Janl JanlS Febl FeblS Feb28

T-SW2. WACCMX. 2021. 130 km
oAl

Latitude

Decl DeclS Janl JanlS Febl FeblS Feb28

SW2 TcnlEralum Alngli!udcs. K

<0 s 10 15 20 25 30 3s 0>

JanlS Febl FeblS Feb28

Decl DeclS Janl JanlS Febl FeblS Feb28



(a FPY, 2000.01.23, PT=SOMOK

JJ‘ SW2 Temperature Amplitudes at 105 km:
SABER and WACCM-X/GEOS-5

(2009, 2010, 2012, 2013)
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GOLD-region (~150 km): Current Predictions of SW2 and for Arcic and
Antarctic SSWs of 2019 by WAM (left) and WACCM-X (right)

(a) T-SW2, W ‘\M/C 5, SSW-Sep/2019 (b) T-SW2, WAM/GS, SSW-Jan/2019 (a) T-SW2, WX/GS5, SSW-Sep/2019 (b) T-SW2, WX/G5, SSW-Jan/2019
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The large discrepancy between WAM and WACCM-X in the thermosphere (see limits on
colorbars) highlights needs to use recent NASA’s ICON and GOLD instruments exploring
the rapid A-F cycles in DA schemes for tidal dynamics and evaluate model-data biases above
120 km.



Concluding Remarks on Variability of Tides

Realistic daily mean zonal prevailing flow as
background for tidal modes is a key factor to
reproduce variability of tides in the MLT.

WAM-GSI,
no-GW:s

SAO & QBO driven variability of 24-hr
amplitudes in the tropical MLT is the key
observational metric for WA models.

“Centers” of tidal activity or longitudinal
variability of tides display regions of strong
diurnal cycles related LA sources (realistic H20
and LHR ).

Perturbations of tides during mid-winter SSW
in presence and breaking of PWs need further
examination.

“Active” utilization of data in WA models,
novel “nudging” schemes by the 1-hr cadence
of reanalyses + “rapid” DA of tidal signals with
the model bias corrections (physics &
numerics).
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Tides in the Stratosphere and Lower Mesosphere:
MERRA-2, WACCM-X/MERRA-2, SABER and 7-Reanalyses (3-hr & 6-hr archives)

MERRA2: Ampl T-24hr, K MERRA2: Ampl T-12hr, sc=:
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T. Sakazaki et al.: Solar tides in latest reanalyses and satellite observations
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Noticeable discrepancy between tidal diagnostics of models, reanalyses and SABER
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Tidal diagnostics of WACCM-X/SD constrained with the ‘parent’
dynamics: use of the 1-, 3- and 6-Hr archives of WACCM-X (0-45 km)

2021-01-10: DW1-V, m/s TRUE
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The 6-hr “meteorology”
archives cannot accurately
constrain the non-migrating
(DE3) and migrating (DW1,
SW?2) tides of WACCM-X

The 3D WACCM-X/SD
simulations constrained

by WACCM-X archives below
45 km, 2-day relaxation scale.
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The 1-hr meteorology cadence is a
target for archiving NWP analyses
to represent diurnal cycles (DC) in
WACCM-X/SD; the rapid data
analysis in NWP systems is a next
goal to constrain accurately DC.
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Seasonal Variability and Year-to-Year Variability of 24-hr & 12-hr
modes of Surface Pressure (WACCM-X/MERRA-2, 2009-2013)
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2009-2013: Tropical Ps-24 & Ps-12
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Seasonal cycles of Ps-12 & Ps-24
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The surface pressure (P_)of WACCM-X
constrained by 3-hr data with t=48 hr can
reproduce the seasonal and y-2-y variability of
P_of MERRA-2 but the P_-24 & Ps-12 amplitudes
differ from tidal diagnostics of MERRA-2.



Diurnal Variations of the Mass: Annual mean 12-hr & 24-hr
tidal modes of Surface Pressure (2000-2020)

MERRA-2 ( from 3-hr cadence of instant P -fields) WACCM-X/MERRA-2 ( online diagnostics)
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