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It’s about TIME:

by Carol Rasmussen

ay Roble, a senior scientist in

the High Altitude Observatory,

has spent the last 20 years or so
creating and refining a general circula-
tion model of the upper atmosphere—
the transition zone between the bulk
of the atmosphere below 30 kilome-
ters and the void above 500 km. Now,
the knowledge Roble has amassed in
developing his thermosphere-
iono-sphere-mesosphere electrodynam-
ics general circulation model (TIME-
GCM) is being incorporated into the
middle atmosphere community cli-
mate model, an offspring of NCAR’s
CCM family that was created by Byron
Boville (Climate and Global Dynamics
Division). A third co-principal investi-
gator, Rolando Garcia, and colleagues
in NCAR'’s Atmospheric Chemistry
Division (ACD) will be adding chem-
istry components to the model.

A yCar ITom Now, we expect o |
have a model that extends from the
surface to 120 kilometers and
includes ozone chemistry,” says
Boville. The yet-unnamed composite
model will be one of only two or
three general circulation models to
reach that altitude. Some GCMs only
extend to 30 km, including the
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Byron Boville, Rolando Garcia, and Ray Roble. (Photo by Carlye Calvin.)

troposphere and part of the lower
stratosphere; a few have been extend-
ed into the mesosphere, with upper
boundaries in the range of 60-80 km.
The new model will include the
entire mesosphere as well as the
lower thermosphere. But the plan
doesn’t stop there. Further into the
future, the scientists will add thermos-
pheric and ionospheric dynamics and
extend the model a few hundred kilo-
meters higher.

A simple way to conceptualize the
atmosphere is by its thermal structure,
a sort of four-layer cake governed by
radiative and dynamic processes.
From the bottom up, each layer—
troposphere, stratosphere, meso-
sphere, thermosphere—is alternately
cooling or warming with altitude. The
top layer has a more complicated
structure, however, because the
thermosphere coexists in space with
the ionosphere, a region ruled by
electric and magnetic fields. The
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MOZART: An uncompromising global model

By Carol Rasmussen

new version of NCAR’s global
A chemical model is about to

give atmospheric scientists a
better look at the global budget and
interactions of ozone and almost 50
other chemical species in the tropo-
sphere. From there, the model of

Ray

electrically charged atoms and mole-
cules of the ionosphere are ionized by
solar radiation and aurora particle pre-
cipitation. This happens throughout
the atmosphere, but in the denser air
lower down, charged particles quickly
bump into oppositely charged parti-
cles and recombine. In the sparsely
populated ionosphere, ionized parti-
cles zip around for long distances
without losing their charge.

“Most of the variability in the
ionosphere and thermosphere has
been attributed to variation in the
aurora, heating due to dissipation of
electric currents, and variability in the
sun’s ultraviolet and extreme ultravio-
let radiation,” says Roble—in other
words, to processes within the upper
atmosphere or coming from the sun.
“But we have never been able to
account for the observed variability in
the lower part of the thermosphere,
so we have not been able to model it
A few years ago, Roble attempted to

(Continued on p. 10)

ozone and related trace species
(MOZART) is moving up all the way to
85 kilometers and expanding to
encompass an additional 30 specics.

“MOZART has been a major project
in ACD for five years or more,” says
Atmospheric Chemistry Division direc-
tor Guy Brasseur. “It is a theoretical
tool that allows us to understand and
quantify the global budget of chemicals
and to look at changes in the chemical
composition of the atmosphere in
response to human activities.”

In the troposphere, ozone is a
greenhouse gas, harmful to people
and animals. Before the 1970s, scien-
tists thought that ozone was in the
troposphere simply because it sank
down from the stratosphere.
Groundbreaking work by Paul Crutzen
and William Chameides at that time
showed that it is born out of reactions
in the troposphere itself. Because
some of the gas’s precursors, includ-
ing pollutants like the nitrogen oxides,
are increasing, ozone concentrations
are rising sharply in many parts of the
world. However, scientists don’t have
all of the measurements they need to
understand its reactions and transport,
especially from the tropics and
Southern Hemisphere. The answer is
global modeling.

Atmospheric scientists in this
country may not be as familiar with
global chemical modeling as they are
with global climate modeling; a large
number of the world’s 15 or so global
chemical models are European. The
United States is home to only five or
six, with strong groups at NASA’s
Goddard Space Flight Center and
Goddard Institute for Space Studies,
Harvard University, and Lawrence
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Orchestrating MOZART are, from left, Doug Kinnison, Claire Granier, Guy Brasseur, Lovisa Emmons, Stacy
Walters, and Larry Horowitz. (Photo by Carlye Calvin.)

Livermore National Laboratory,
besides NCAR.

MOZART is “among the most
detailed” of the global models, says
Brasseur. “We have made very, very
few compromises. We don’t make
many assumptions or simplifications.”
Because it requires high resolution
(2.8° x 2.8°, with 34 vertical layers),
20-minute time steps, and a large num-
ber of species, MOZART is costly to
run—ten times as expensive as NCAR's
climate system model.

Users have done many types of
studies using MOZART. For example,
ACD researchers have reproduced the
preindustrial chemical composition of
the atmosphere by working backward
from recent data, and they also have
looked forward to 2050 and 2100 using
IPCC scenarios of energy consumption,
population, etc. “We have seen that the
place where real perturbation will hap-
pen is the tropics,” says Brasseur. “Also,
in the upper troposphere [about 10
km] we expect a relatively large impact
from airplane emissions.”

MOZART version 2 incorporates an
improved treatment of chemical

transport and convection, as well as
updated pollution information. It can
use wind, temperature, and water
vapor from climate models or from
observational data to “push the chemi-
cals around in the atmosphere,” says
Larry Horowitz, an ACD scientist
involved in the model development.
The ability to use different data sets
will make MOZART useful in field
campaigns. It will be fed with ana-
lyzed winds from the upcoming
Tropospheric Ozone Production
about the Spring Equinox experiment
to help the TOPSE scientists under-
stand their observations. For exam-
ple, says Brasseur,“If as they fly north
they suddenly have a peak of carbon
monoxide, is that because they flew
near a source, or was there an event
that created that? We can answer
those questions.”

The model will make use of the
daily measurements of carbon
monoxide from the MOPITT (measure-
ment of pollutants in the troposphere)
instrument on Terra, the NASA Earth
Observing System satellite launched
on 18 December. Combining the
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"A year from now, we expect to have

a model that extends from the surface

to120 kilometers and includes ozone

chemistry,” says Boville.

MOZART: An uncompromising global model

By Carol Rasmussen

new version of NCAR'’s global
A chemical model is about to

give atmospheric scientists a
better look at the global budget and
interactions of ozone and almost 50
other chemical species in the tropo-
sphere. From there, the model of
ozone and related trace species
(MOZART) is moving up all the way to
85 kilometers and expanding to
encompass an additional 30 species.

“MOZART has been a major project
in ACD for five years or more,” says
Atmospheric Chemistry Division direc-
tor Guy Brasseur. “It is a theoretical
tool that allows us to understand and
quantify the global budget of chemicals
and to look at changes in the chemical
composition of the atmosphere in
response to human activities.”

In the troposphere, ozone is a
greenhouse gas, harmful to people
and animals. Before the 1970s, scien-
tists thought that ozone was in the
troposphere simply because it sank
down from the stratosphere.
Groundbreaking work by Paul Crutzen
and William Chameides at that time
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Orchestrating MOZART are, from left, Doug Kinnison, Claire Granier, Guy Brasseur, Lovisa Emmons, Stacy
Walters, and Larry Horowitz. (Photo by Carlye Calvin.)

transport and convection, as well as
updated pollution information. It can
use wind, temperature, and water
vapor from climate models or from
observational data to “push the chemi-
cals around in the atmosphere,” says
Tarrv Harowitz an ACD scientist

Livermore National Laboratory,
besides NCAR.

MOZART is “among the most
detailed” of the global models, says
Brasseur. “We have made very, very
few compromises. We don’t make

arnne accnmntinne ae cimnlificatinne”
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A new version of NCAR's global chemical
model is about to give atmospheric
scientists a better look at the global budget
and interactions of ozone and almost 50
other chemical species in the troposphere.

Whole Atmosphere Community Climate Model (WACCM)




Featured Alum: Byron
Boville ‘79

Byron Arthur Boville received his BS
degree in meteorology from MeGill Uni-
versity and came to the UW to study with
Jimm Holion in 1973, Byron's father was
also a meteorologist who was a professor
at MeGill and York Universities who did
important work on the stratosphere and the
ozone layer. Byron's PhD thesis was on
wave, mean-flow interaction in the tropo-
sphere and baroclinic wave vacillation.

After receiving his PhD Byron moved
to the Mational Center for Afmospheric
Research in Boulder, Colorado where he
made his career. His carliest work there
was on the effect of the stratospheric polar
night jet on tropospheric weather, a topic
that has retumed to prominence in recent
vears. He then became intimately invoelved
with the development of the NCAR Com-
runity Climate System Model and became
a leader in the development of CCSM

and ifs vertically extended version, the

Whole Atmosphere Community Climate
Model (WACCM), which he pronounced
“whack'em”. Byron made fundamental

ConITibutions 1o understanding  Earth's
atrosphere and climate, while devoting
gubstantial effort to model development.
In May he was given the 2006 CCSM
Distinguished Achievement Award in rec-
ognition for Byron ks criical leadership of
the CCSM project at lis inception, for kis
rigmerous contribitions to the design and
pleveics of the atmaospheric model, and for
kis initianive ir the collaborative develop-
ment of the Whole Atmosphere Compacily
Climare Model (WACCM), where WACCM

represenls & major move toward realizing
NCAR & strategic goal of developing & com-
prrehensive Earth Svatem Model Byron is
a Fellow of the American Meteorological
Society. He was one of the invited speak-
ers at the Holton Syrmiposium in Atlanta this
Vizar.

the Whole Atmosphere
Community Climate
Model (WACCM),
which he pronounced
“whack’'em”.

Doug, Mijeong and Rolando
(July 9, 2025)

Atmospheric Circulation, Newsletter of the University of Washington Atmospheric Sciences Department, Autumn 2006

Whole Atmosphere Community Climate Model (WACCM)




Motivation for WACCM

Atmospheric Modeling Ecosystem in Mid-2010s

Whole Atmosphere Community Climate Model
— i (WACCM)

Giebal Yariatiens
Weather Climate
Systems

- , - The middle atmosphere (stratosphere and

P -C mesosphere) couples the surface and lower

atmosphere to the upper atmosphere and space
Microscale to planetary scale,
microseconds to centuries
Chemistry, aerosols, circulation and
radiation

- We need a model that can simulate this
coupling on short (weather/subseasonal-to-
seasonal) and long (climate/paleoclimate)
timescales

Local

Hours Days Weeks Years Centuries
Image from Mary Barth
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Vertical Structure of the Atmosphere

Mesophere and lower thermosphere
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Energy transfer in the mesosphere and lower thermo-
sphere. About 10™ | of energy propagates up daily from the
atmosphere below in the form of waves and tides. During a ge-
omagnetic storm {which cccurs about every 5 days), about
10" | is injected per day from space through aurceal processes.

Geosphere
(lonosphere-Sun)

MLT
(50-150 km)

Stratosphere
(15-50 km)

- Troposphere

(0-15 km)

Jarvis, “Bridging the Atmospheric Divide” Science, 2001

The MLT is an important link in
the vertical transfer of energy
and material in the atmosphere,
that mesospheric phenomena
may be the most sensitive
indicator of global temperature
change [Jarvis, 2001].

An ambitious modeling initiative, the Whole

Atmosphere Community Climate Model
(WACCM), is under way at the National
Center for Atmospheric Research in
Boulder to bridge the gap and simulate the
physics and chemistry of the atmosphere
from the ground to 500 km.

Vertical Structure of the Atmosphere



CESM Atmospheric Components
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CESM Atmospheric Components



How WACCM fits into CESM

Forcings — greenhouse
gases, aerosols, volcanic

o
eruptions, solar variability ~  Chemistry WACCM7
\ Atmosphere | (CAM7-Chem) WACCM7-X
(CAM7) ngh-Top Atm
‘1 (WACCM?7)
Land .

(CTSMS,
FATES)

" Coupler Sea Ice
(CIME2) (CICES)

River

(MOSART, Land Ice
myEUEoUe) Ocean (CISM3)

(MOMS)

Shifface Vig¥es Biogeochemist
(WaveWatch3) %M ARBL) A CESM3 component models

https://www.cesm.ucar.edu

WACCM in CESM



Gravity wave physics

. Three primary gravity wave schemes

o Orographic: primarily affecting the
stratospheric polar vortex

- Frontal: primarily affecting the polar
vortex and mesopause region

0 . driving the QBO,
Impacting the mesopause region

« Schemes apply theoretical frameworks to
trigger gravity wave generation and
determine forcing

1. Orographic GWs:

Uncertain: Efficiency

——

——

2. Frontally generated GWs:

Uncertain: Efficiency., amplitude, phase speeds

Orographic GWs:
- McFarlane (1987)
« 1 wavewithc =0
« Amplitude dependent on orography height

and weaan wind

= 40 waves with =100 < ¢ < 100
m's

« Gaussian distribution in phase
speiad centerad at U 600 mb

= Constant wave amplitudea

3. Convectively generated GWs:

Uncertain: Efficiency, amplitude conversion

= 40 waves with =100 < c < 100 my's

/\/\ * Dominant ¢ related to h (depth of haeating)
m * Wave Amplituds = OF

= Wave spasctrum impactasd by wind in haating

Beres et al. 2004 (Beras = Richter)
b ] (

Gravity wave physics



WACCM vs. CAM

WACCM inherits the dycore and physics of CAM, and adds:

Extension from surface to 6x10-° hPa (~140 km), with 70 or 110 vertical levels
Detailed neutral chemistry models
o “middle atmosphere” (MA): catalytic cycles affecting ozone, heterogeneous
chemistry on PSCs and sulfate aerosols, heating due to chemical reactions
o “troposphere, stratosphere, mesosphere, and lower thermosphere” (TSMLT):
adds chemistry affecting tropospheric air quality, organic chemistry
Prognostic stratospheric aerosols derived from sulfur emissions
Model of ion chemistry in the mesosphere/lower thermosphere (MLT), ion drag,
auroral processes, and solar proton events
EUV and non-LTE longwave radiation parameterizations
Gravity wave drag deposition from vertically propagating GWs generated by
orography, fronts, and convection
Interactive QBO (quasi-biennial oscillation) derived from gravity and resolved wave
forcing
Molecular diffusion and constituent separation
Thermosphere extension (WACCM-X) to ~500-700 km

WACCM versus CAM

H,SO,




Whole Atmosphere Community Climate Model with thermosphere
and ionosphere eXtension (WACCM-X)

WACCM-X is a model of the entire atmosphere
that extends into the thermosphere to ~500-700 km
altitude, and includes the ionosphere. Because the
thermosphere ionosphere system responds to
variability from the Earth’s lower atmosphere as
well as solar-driven “space weather” Including:

 Waves and tides

« Tropospheric weather

« Middle-atmosphere events
e Seasonal variations

* Anthropogenic trace gases

b \ 5 ~ ) r P g . :
&) - i - — > -
o i.- - . > R A o
] e .f‘ S e >
3 .
[llustration from the ICON mission, T. Immel et al.

E:fjn.,f* ‘ \ NCAR WACCM-X


https://www2.hao.ucar.edu/modeling/waccm-x
https://www2.hao.ucar.edu/modeling/waccm-x
https://www2.hao.ucar.edu/modeling/waccm-x
https://www2.hao.ucar.edu/modeling/waccm-x

Vertical Levels

WACCM vs. WACCM-X

WACCM6
70, 88(SD), 110

WACCM-X v2
126, 145(SD)

Model Top

6x10°6 hPa (~140 km)

4x10°1° hPa (~500-700 km)

Horizontal Resolution

0.95x1.25", 1.9°x2.5°

1.9°x2.5°

Time step

30 minutes

5 minutes

Specified Dynamics

SD-WACCMG6 option, or nudging_nml

SD-WACCM-X option, or nudging_nml

Chemistry

QBO

Tropospheric Physics

Radiation

Tropospheric Aerosol

Stratospheric Aerosol

Non-orographic GW

Molecular Diffusion

Auroral Physics

lons

lon transport

E Dynamo

TSMLT (233), MA (99), SC (37) MA (76)
0.95x1.25  or 1.9°x2.5° Nudged
CAMG6 CAM4
RRTMG CAM-RT
Interactive MAM4 Prescribed Bulk
Interactive MAM4 Prescribed
Yes Yes
minor minor and major
Yes Yes
E-region or E&D-region E-region
No Yes
No Yes

WACCM vs. WACCM-X




Possible WACCM configurations

specified chemistry i*‘

CAM

free-running <

(pre-industrial or
~  present-day)

atmosphere ocean
WACCM .
free-running
- static

data

specified dynamics 4

transient

observations

land

climatology

free-running

data

sea ice

observations

climatology

data

free- observations

running

climatology

WACCM can be run with
o Interactive or specified chemistry

o A free running atmosphere, or an
atmosphere constrained to
historical or specified meteorology
via the specified dynamics scheme

Old approach: “SD” compsets
New approach: nudging
namelist available in all
atmospheric configurations and
compsets

GEOSS5, MERRAZ2 meteorology
is available on GLADE

Possible WACCM Configurations



Scientifically supported WACCM atmosphere compsets

Scientifically supported WACCM atmosphere configurations for CESM2.0 use TSMLT1 chemistry
(see chemical mechanisms ) and 0.95° latitude x 1.25° longitude horizontal resolution (f09_f09 mg17).

Compset | Resolution | Description ________________lperiod

FW1850 f09_f09_mgl7

FWHIST f09_f09_mgl7

FW2000 f09_f09_mgl7

FWSD f09_f09_mgl7

FWscHIST f09_f09 _mgl7

Pre-industrial control WACCM®6 using 1-degree FV dycore,
TSMLT1, CMIP6 piControl emissions, year 1850 SSTs, coupled
to interactive land and MEGAN2.1

Historical WACCM®6 using 1-degree FV dycore, TSMLT1, CMIP6
emissions, historical SSTs, coupled to interactive land and
MEGAN2.1

Year 2000 WACCM6 1deg compset using 1-degree FV dycore,
TSMLT1, year 2000 CMIP6 emissions, year 2000 SSTs, coupled
to interactive land and MEGAN2.1

Historical SD-WACCM6 using GEOS5 analysis with a 50-hour
relaxation, TSMLT1, CMIP6 emissions, historical SSTs, coupled
to interactive land and MEGAN2.1

Historical SC-WACCM®6 using 1-degree FV dycore, specified
chemistry, historical SSTs

Scientifically supported WACCM compsets

1850

1974 to 2015

2000

2005 to 2015

1976 to 2015


https://ncar.github.io/CAM/doc/build/html/users_guide/CAM-chem-specifics.html#chemical-mechanisms
https://ncar.github.io/CAM

WACCM chemical mechanisms

CESM2.0 supports 6 chemical mechanism. The CESM chemical mechanism is a set used to calculate chemical reactions
using the chemical preprocessor (http://www.cesm.ucar.edu/working_groups/Chemistry/chemistry.preprocessor.pdf).

Mechanism Model-: - : . T1 (comprehensive
(pre-processor code) Chemistry Description #Species #Reactions troposphere)
TSMLT1 WACCM: Troposphere, stratosphere, 231 solution, 583 (433 kinetic, TSMLT1(T1 with middle
(pp_waccm_tsmlt_mam4) mesosphere, and lower 2 invariant 150 photolysis) atmosphere

LSO RIS stratosphere-
TS1 CAM-chem: Troposphere and 221 solution, 528 (405 kinetic, mesosphere-lower
(pp_trop_strat_mam4_vbs) stratosphere 3 invariant 123 photolysis) thermosphere chemistry)
MA WACCM: Middle atmosphere 98 solution, 298 (207 kinetic, TS1 (T1 with
(pp_waccm_ma_mam4) (stratosphere, mesosphere, and 2 invariant 91 photolysis) comprehensive

lower thermosphere) stratosphere)
MAD WACCM: Middle atmosphere plus D- 135 solution, 593 (489 kinetic,
(pp_waccm_mad_mam4) region ion chemistry 2 invariant 104 photolysis)
SC WACCM: Specified chemistry 29 solution, 12 (11 kinetic,
(pp_waccm_sc_mam4) 8 invariant 1 photolysis)
CAM CAM: Aerosol chemistry 25 solution, 7 (6 kinetic,

7 invariant 1 photolysis)

https://ncar.github.io/CAM

WACCM chemical mechanisms




Scientifically supported WACCM-X compsets

WACCM-X has three compsets/resolutions which are supported scientifically. These compsets are based on version 4
of CAM/WACCM.

FXHIST f19_f19_mgl6 Historical WACCM-X based on CAM4 using 2 degree 2000 to 2015
FV dycore, MA chemistry, CCMI emissions, historical
SSTs, coupled to land, prescribed ice, river

FX2000 f19 f19_mgl6 Year 2000 WACCM-X based on CAM4 2 degree FV 2000
dycore, using MA chemistry, year 2000 CCMI
emissions and SSTs, coupled to interactive land,
prescribed ice, river
FXSD f19_f19_mgl6 Historical SD-WACCM-X based on CAM4 using 2 2000 to 2015
degree FV dycore, MERRA1 with a 50-hour
relaxation, MA chemistry, CCMI emissions, historical
SSTs, coupled to interactive land, prescribed ice,
river

https://ncar.github.io/CAM

Scientifically supported WACCM-X compsets



Pressure (hPa)

Stratospheric Quasi-Biennial Oscillation (QBO)
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Stratospheric Water Vapor — Hunga Tonga Eruption

MLS v5 H,0 (-15-15)
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2018 2019 2020 2021 2022 2023 2024 2025 Tonga-Hunga Ha’apai volcano on Jan. 15,
Months (201706-202506) 2022 (GOES-17 satellite imagery, NOAA)
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simulate H,O increase
(SD) due to the Hunga Tonga
volcanic eruption.
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Stratospheric Water Vapor - Hunga Tonga Eruption
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How Sudden Stratospheric Warming Affects the Pedatella et al. (2018)

High above Earth’s surface, air temperatui 400
and telecommunications.
350 A1
> Equatorial Ionization
Anomaly
By N. M. Pedatella, J. L. Chau, H. Schmidt, L. P. Goncharenko 300 A|t|tude ~‘\\\‘ "',"
Equatorial Electrojet
>
= :
=3 : c_u\a\\o\’\ o
2 200+ pesidua! &
=5
£
150
< Brewer-Dobson
Circulation
100 %" _ Thermosphere-lonosphere
Mesosphere
B .
Stratosphere
Pedatella, N. M., et al. (2018), L oo e e ;g‘:)m:g;‘e’e
How sudden stratospheric Tomperaturs (°C) \ Summer
warming affects the whole
atmosphere, Eos, o mpeuEdcine fe AT Fig. 1. Schematic of the coupling processes and atmospheric variability that occur during sudden stratospheric warming events. Red and blue
99, https://doi.org/10.1029/201 circles denote regions of warming and cooling, respectively.

8E0092441

Recent Work using WACCM
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https://doi.org/10.1029/2018EO092441
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. :"m:’nf’m:' posh Nathan Luke Abraham®” *, Hideharu Akiyoshi’ ©, Fraser Dennison™’, Patrick Jockel’ ', 0, Tremss 1998-2018 ; [50-1501Pa ; 35-55W]
evomire the roeeat gt g Beéatrice Josse™® ., James Keeble'', Doug Kinnison' ', Marion Marchand™, . i r==———— I I A 1
latitede hower sratcsphenc ozome Olaf Morgenstern'*'*'* ©_ David Plummer" ", Eugene Rozanov' ;Smi Strode”™ Rl _?ﬁ?ﬂ
o Treads over 199%- 018 are due toin- Timofed Sukhodolov'®, Shingo Watanabe™ | and Yousuke Yamashita' 5 0 -
termal vaoality and aot 2 Tmear E n3s |
resporse % Se main climane vanabiicy 2
»e sermal foecin = "
. [r;‘:,:,::mma,::,:ﬂ are &uve o Abstract Lower stralospheric oeone between 60°% and 60°N has contimued 1o decline since 1598, despite th .
affercnt represecramoms of arooe the reduction of ozone-depleting subslances follvwing the Mootreal Protocol. Previous studies have shown thal, g
"':':;: peoceases sad Heir intermal while chemistry-climate models reproduce the negative ozone trend in the tropical lower stralosphere as a 3 :
var / & | s
! response o increased upwelling, they Fuil 1o caplure the ozone decline in noribern midlabtodes. This study o i
revisits recenl lower stratosphersc ozone trends over the pericd 1995-2018 udang tao types of simulations from T4 2w 2 4 '
Czane Trend DU dec
the new Chemistry Climate Model Initiative 2022 (CCMI-2022): REF-IM], with aobserved sea surface : I
Lltatiani temperatures, amd REF-D2, with simulaled ocean. The observed negative trend in midlatitudes Falls within the

Borite-Harce, 8., Alalon, ML Calva B e of model rends, especially when considering simulations with observed boundary conditions, There is a
Curay, H., Bimer, T., Albratam, M. L, . . . . . . . . .
et al. (MI2S) Recent lower straospheric large spread in the amuolated madlabilodes ozone trends, with some simulabons showing positive and others
ieene lrea mm COMI-I0ID medels: Role  megative lremds. A multiple linear regresson analysis shows that the spread i the trends is oot explamed by the
of natural varsabslity s rsspont. Joumal  gifferen) linear response to external farcings (solar cycle, global warming, and ceone-depleting substances) ar 1o
of lropiysica’ Brersrch: Umoapleres, e b vkl o El Nifio-Southers Oscillation asd the b 2l llati bl it | d
130, eMIBAITOABA1L. biaps ot ceaf 10, fhe mam v y molies i me-3outhern culialmm 15 guaki-Dlenneal %) alicn) bot 15 msles
102024 D241 2 afiributed o internal almosphenc variability. Moreover, the [act thal some models show very dilTerenl trends
across members, while ather models show simalar remds i all members, suggests fundamental differences in
the representalion of the intemnal vanahality of ozone transpor! across models. Indeed, we report subslantial
intermuodel differences in the azone-lrmnsport conmedtion on inlerannual imescales and we find thal ceone

trends are closely coupled o ranspord trends.

Benito-Barca et al. (2025)
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On the Timescales of the Response of the Brewer-Dobson
Circulation to an Abrupt Quadrupling of CO-

N, Calve'” ', R R Garda® | G. Chisdo™ ©, I, B. Marsh® | and L. M. Polvani®'®

Abstract Changes in the Brewer-Dobson circulation (BDC) in response o increasing OO, concentralions
can arise from the direct effect of radialive cooling in the siratosphere or the mdirect effects induced by warmer
sea surface temperalures (S85Tx). This study aims o disentangle these lwo conlnbubions m the Whaole
Atmisgphere Communaty Climate Model (W ACCM) by analyzing the imescales of the tropical upwelling
resporse Lo an abnapt quadrupling of O0.. Transtent aimosphere-ocean climale mode] smulatsons of LK years
umler 4xC0y condilions are compared o preindusinal control smulalions and 1o simulations with an
almosphere-only verson of WADCM that uses preimdustnial $35Ts. We find that most of the response in both
shallow and deep branches of the BDC oocurs on fast Gmescales (first 2-3 decades). In the shallow branch of the
BOWC, the response ix mainly driven by chamges in 55T in tbe well-mixed shallovw ocean, which cause
tropasphenc warming and an mbtensifscation amd upward displacement of the subtropical pets, and alter wave
forceng in their vicmily. The contribubion from siratosphenc radiative cooling is almost neglhigable. In the upper
stralosphere, the response of tropical upwelling beging earlier and develops faster than in the challow bramch,
awing 1o the larger contribution from the rapid adjpstments. At 1 hPa, 7T0% of the fad response relates o
stralospheric radiabive cooling and 3% 0 warmer S5Ts. The modulation of the lillenng of non-arographic
pravity waves (mainly of frontal arigin) in the subtropics explain most of the response in tropical upwelling in
he deep branch, on both fudt and slow limescales.
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Impact of Upward Propagating Migrating Diurnal and
Semidiurnal Tides on the Ionosphere-Thermosphere
Seasonal Variation

M. M. Pedatella™ ©, K. Wa' ©, L. Qian' ', and . Gan®

Abstract The Whole Atmosphere Community Climale Model with thermosphere-sonosphens eXlension
(W ADCK-X) 15 used 10 iovestigale the impact of the upwand propagating migrating diurnal (DWW 1) and
semidiurnal (5% 2) tides on the seaxonal varability m 1be onosphere and thermosphere. In the lower
thermaosphere, the tides induce a westward acceleration that obtains maximum values of 10-20 ms™' around
solstice. The tidal disapation also changes the meridional circulation and leads 1o a ~5 K cooling of the lower
thermosphere. These changes result in a decrease in alomic oxygen in the lvwer thermosphere that maximizes
during local winler. In the lower thermosphere, the DW] has a greater impact around December solstice, while
the 5'W2 has a greater impact aroums] June solstsoe. The VW1 and 5W2 induced changes in the lower
thermasphere composition kead 1o changes in the thermosphere column integrated alomic oxygen o molecualar
nitrosgen ratio (CWMN5 ). This leads 10 2 reduction in the thermosphere annsal variation at middle (o high latodes.
The DV 1 and W2 also reduce the thermosphere newtral mass density. In the ionosphere, the DV ] and SW2
decrease the ronal and diurnal mean total electron content by ~20% globally, which is primanily atinbatled (o the
reduction in thermosphere O/N;. The 5W2 is found 1o have a greater influence on the low labilude ionosphere
compared o the DW1 due 1o the SW2 having a greater impact on the equatonal electrodynamacs. The results
demonstrale that the upward propagualing DW1 and SW2 hoth have significant effects on the ionosphere and
thermasphere, mcluding influencing the seasonal varsability.
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1. 10292024511 14265 i i i i
SRR Nitrogen Oxides During the Asian Summer Monsoon 2022
i - i i - =l

Special Collection: Jun Lhang = B;.uulhs Kinnison .. Laougiza Emmons g o Shavwn I'I-|.|-|:|.l.|:!:|.|n|_l:|1 II
Chemistry and Climate Impacts Warren P. Smith” *, Simone Tilmes™ *, Xinvee Wang™ |, Alessandro Franchin',
of the Axian Summer Monsoon Frank Flucke' ©, and Laura L. Pan'
o _ - Abstract This susdy investigates the sources and regicnal attiributions of nitrogen oxides (NO_) in the upper NOx at 150hPa (pptv), JJA 2022
0 i}:;:::lﬂ‘:;:ﬁ::;: tropospherelupper tropospheric (UT) during the Aszan Summers Monseon (ASM). The importance of South Asia

mism is used by amine upper (3A) and East Axia (EA) contributions ix the subject of main inleresl. Using artificial tracers i a chemastry-

Lrepaapherd gpper Sopoaplene (LT climate model, simulations with tracers [rom surface anthropogenic and lightning sources in SA amd EA are

MO, oerigin y sa i : i

o B Soasth Asis s Eac Asia (EA1 i.'ﬂrIdLLC-IEIl. MIJ-dEl:I‘-HIJ“'_-! are validaled wilhk H.Lrhmz ahzervations !'n.'-:!'ri he A:l.:n Summer Monsoon Chemical
sirarces are sqgreficant UT 80, and Climate Impact Progect (ACCLIP) campadgn in 222 over the West Pacific. Good agreement belween
conlrisuton willkn (he Adan Sdmmcr maodeled and observed N0, is found in the UT. The resulls mdicate that wathin the ASM anticyclone, both SA
kampoan. {AJM) srizpelans and EA sources significantly contribute to the UT N0, with contributions of 41% and 36%, respectively. While

# Fur the chicrval NO durieg fae 2001 _ _ _ _
Asian Summer Morsoon Caemscal and in the ACCLIP region during M22, EA sources play a mare important role, accounting for 50% compared to
Climeste Irnpact Progess carmpaign, L& 195 Fravm 54 souroes. 0 50 100 150 200 250 300 350 400 450 500
COTET MRS a0 profmane it amd
gspecially from anthropagens sorses
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Plain Language SUmmary Mirogen oxides (NO,} in the upper troposphere (UT) are invalved in
viurious processes that are important for the greenhouse gas budgel, with both cooling amd warming effects. Ny,
CiLalion: 1% alse a agnificant companent that produsces ozone through chemacal smog processes. The ASM s associated

Zharg, I, Kmmsun, D, Emmem, L. with an enhapcement of NO, in the UT, ax it is an eflicienl pathway to lransport the surface NQ, emiz@on
Himusmichl, 5., Smith, W. F., Tilmex, 5.,
el al. (2025), Sources el reposal . . . . . .
- f— from vamous sources and regions o UT MO, remain unclear. Our study employs model simulatsons to elucsudate

axides duriag the Astan Summer Mossoen  The onging of NO,, particularly within the ASM and s eastward shedding region. We find that within the ASM

M. Grophvnwal Researeh Levers, 5, amigyclome, both Scuth Asia and East Asia sources are significant coniributors 1o the UT NO,, with 47% from
eD0RA ALY 14203, bps e orp' 1O 1S

upward alomg wilh strong lightning N0, production from deep convection. Howewver, the specific contributions

anthropogenic and 30% from lighining sources, respectively. In the Agan Summer Monsoon Chemacal and
Climate Impact Praject region, EA sources become promanent, accounting for 50% of the contribution, with Zhang et al . (2024)
anthropogenic sources outwedghing lightning by approximately 30% m UT NO, contribution.
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RESEARCH ARTICLE  Impact of Arctic and Antarctic Sudden Stratospheric
L IR A NA G2 Warmings on Thermospheric Composition

Ry Poims: Jiarong Zhang'™ ©, Jens Oberbeide' ', Nicholas M. Pedatella® © ', and Guiping Lin®
® — 10 T 00N, depletion gl kw10 mid

letinsdes i obaerved By LAILL and .
GLUVL pe well 28 smuksied in (b) 2019 Antarctic SSW
WALCM-X during ihe Arcik S5Ws Abstract Using the Global-scale Observations of the Limb and Disk (GOLD) and the Global Ulraviolet y
® The variations of X (; dunng the Imager (GUVI), we examine the impact of sudden stratospheric warmings (55Ws) on the changes of e
SIS e SEW are less thermaspheric compasition during the 20182019 and 2020-2021 Arctic S5Ws and the 2019 Amtarctic S5W,
poemcarnad, [Eely due 4o the evem .
hemig & BN WaTRng Contributions of planetary waves, gravily waves, and magrating tides are assesoed by performing numencal 7 » e «.é
= T oW, variations durig S5Ws are experiments with the NSF Mational Center for Atmoespheric Research (NCAR) vertically extesded version of ‘ -
deiven by [be peverads of MMC in the , _ o _ . l #9° ‘ lod
lerwes Dhenarigieioe, dbiers! by the Whole Atmosphere Commumity Climate Model (W ADCCM-X). The vanations in the column inlegrated O f \_,,\q i
weslwanl-lrrveling plimclary waves and N, density ratio (¥, 3,/N;) are generally similar among WACCM-X, GOLD, and GUVI abservalions ‘ 1038
thaugh some differences exisl. Following the onsel of the Arctic 35Ws, 3 0/ N; is reduced by ~10% al low to ; LY > le2
R mid latrsdes. The vamations during the 201% Antarchic 55W are less pronounced, likely dwe to the evenlt being a : X lel
1. Fhag, minar warming. WACCM-X simulations, with the Kp mdex and FI0T om solar flux kept at fxed low levels, o oo ol in 6o'n 90°N

Juanmzg shang @ uvaoih confirm that the variability of ¥, @/N: 2t low 1o mid latisdes is primarily induced by SSWs. The ¥, 078
changes are associabed with the reversals of the mean mendional circulation (MMC) in the lower thermosphere,
mainly driven by westward-traveling planetary waves. The resulis highlight that planetary wave activily during

ikatian;
35W's can xignificamily impact the mean stale of the thermosphere.
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Zhang et al. (2025)
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What do you want to do?

« WACCM is one of the most advanced configurations of
CESM, because it resolves

@)

a greater vertical extent of the atmosphere (~140 km)
comprehensive chemistry and aerosols

middle and upper atmosphere dynamics and physics
vertical coupling by virtue of higher vertical resolution

O

@)

@)

Noctilucent clouds over Finland. Jarvis, 2001

« Many of our most pressing fundamental and applied
scientific questions are at the intersection of multiple
disciplines, with coupling across time and space

o The WACCM enterprise at NCAR is a cross-lab
endeavor between ACOM, CGD, and HAO, with broad
external community involvement

WACCM Science Applications



mijeong@ucar.edu (WACCM Liaison)
QU ESTIONS? DiscussCESM (https://bb.cgd.ucar.edu/)
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