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**Description (Technical + Historical) of VSL Halogen
implementation in CAM-Chem

s Focused mostly on “processes/reactions” than in “impacts/implications”

**Main porpoise of highlighting main routines & namelist options for the
non-VSL CAM-Chem user
**All developments performed in CAM4 (CESM1)

**Evaluate how changes on SAD & MET fields between CESM1 and CESM2
impact on tropospheric halogen abundances

*»*Distinction between Simplified vs. Full VSL approaches
s*Describe the implementation of new sources, sinks and re-partitioning
*»Evaluate spatial and vertical changes of tropospheric distributions

**Highlight major difficulties found for the het. Recycling implementation



Very Short-Lived (VSL) Halogens

Box 1-3. WMO 2018
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1. Surface Emissions (VSL SGs)

user_nl_cam + mo_srf_emissions.F90

&chem_inparm

4= srf_emis_type
srf_emis spec1fler

'"INTERF MISSING MOMTHS!
'BEMNZEME -= /glade/p/cesmdata/cseq/1npui
Jjalade/p/cesmdata/cseg/inputdata/atm/cam/cher

= Lade/work/jzhanl66/emiss1on/vSL_1850- 2100/ er
Temelework /1zhanl66/emission/vSL_1850- 2100/ er
Jglade fworRk magl56/emiss1on/vSL 1850- 21 CCMI LBCS
'CHBR2CL-> /glade/work/jzhanlEe : i surfvals _nl
'CHBRCLZ-> /glade/work/jzhanlE6/er T = '/glade/u/home/rpfernan/ptmp/setup_cesr
'CH2I - > ;glade;wnrk;jzhanlﬁﬁf&n flbc_ll ‘CCL4', 'CRZ2CLEBR', 'CF3BR', 'CFC11', ‘i
'CH2IZ2 -= /gladefwork/jzhanlesg/en 'CHERZ', 'CHZBRZ', )'HCFCZ2', 'N20', 'CFC114', 'CFC11S',
'CHZIBR -= /glade/work/jzhanlgg/er flbc_typ® ERT AL
'CHZICL -= /glade/work/jzhanl&6/er scenario_ghg = 'CHEM LBC FILE'
i -= /glade/work/jzhanl66/em ss1on/vSL_1850- 2100/ er
' HOI -= /glade/work/jzhanl66/em ssion/vSL_1850-2100/er
Full CAM-Chem-VSL Setup € CCMI Setup (VSL)
vSLS - ( FULL™®" ) — Annual vsSLE - ( EXPL'®¢ ) — Annual
=150 —-120 —90 —-60 -30 0 20 50 [0 120 150D ppt —1.50—120 —QO —60 —30 0 30 60 =]4] 120 150 ppt
‘14n ‘ﬁ4n
3 13.0 3 13.0
r12.0 rT12.0
L] L)
s M0 1o
o [{100 - 10.0
9.0 - 9.0
é 8.0 g 8.0
7.0 7.0
g 6.0 = 6.0
5.0 5.0
—1.50—1.20 —QO —60 —30 0 30 60 a0 12.0 150 . . —1.50—1.20 —éO —&0 —30 D 30 &0 9o 12.0 150

Chl-a dependent emissions for 6 VSLs 1.2 ppt (CHBr; + CH,Br,) = 6 ppt VSL®"



1. Surface Emissions (VSL SGs)

user_nl_cam + mo_srf_emissions.F90

&chem_inparm
4= srf_emis_type

srf_emis specifier

' BEMZEME

"CH=I

Full CAM-Chem-VSL Setup

' CHERCLZ-

'CH2T 2

-= /
/4
/9
/9
/9
/g

- =

/9
/9

'"INTERF MISSING MOMTHS!
'BEMNZEME -= /glade/p/cesmdata/cseq/1npui
glade/p/cesmdata/cseg/inputdata/atm/cam/cher
Lade/work/jzhanl66/emiss1on/vSL_1850- 2100/ er
Lade/work/jzhanlé6/emission/vSL 1850- 2100/ er
lLade/work/jzhanlg6/emiss1on/vSL 1850- 2100/ er
lLade/work/jzhanlgs/emis

Wales et al., JGR, 2018

Lade/work/jzhanl66/emi s G i . T R TS TS Sk
Lade/work,] zhanlﬁﬁ,femis‘ — CAM-chem-SD CHBr,
. e ATTREX

. BCONTRAST Minor VSLS
lade /works hanlﬁﬁfemls‘ *\r—‘\\\\
}ac!efwnrkfj zIMg 166/ emi s —

@,
= aircréft 1000—B00 HPa
03 alrcraft 600-400 hPa ]
WOAA/CMOL cruises g
CAM—=Chem 1000~830 hPg
.0 i ) ) ) C.!?.H--Chlernl EE!D—#-EI".I} h!:'u ) ) ';‘i l_
—30 50 -20 0 20 50 a0
lotitude 0 1 2 3 4 5 6 7 8
Ordofiez et al., ACP, 2012 Organic Bromine (ppt)
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1. Surface Emissions (lodine)

user_nl_cam + mo_srf_emissions.F90 + mo_iodine_emissions.F90 + seq_drydep_mod.F90

&chem_inparm
&= srf_enlis type 'INTERP_MISSING MONTHS'
srf_emis specifier 'BEMNZEME -= /glade/p/cesmdata/cseq/1npui
'BENZEME -= /glade/p/cesmdata/cseg/inputdata/atm/cam/cher
= 'CHBRZ -= /glade/work/jzhanl&6/emission/vSL_1850- 2100/ er
'CHZBRZ -= /glade/work/jzhanlé6/emission/vSL 1850- 2100/ er
'CHZBRCL-=> /glade/work/jzhanl66/emission/vSL_1850- 2100/ er
'CHBR2ZCL-=> /glade/work/jzhanl66/emission,/vSL_1850- 2100/ ar
'CHBRCLZ-> /glade/work/jzhanl66/emission/vSL_1850- 2100/ er B 6 9,134
'CH3I  -> /glade/work/jzhanl66/emission/vSL_1850- 2100/ er [I ] = 146x 10" xexp| ———
'CH2I2 -> /glade/work/jzhanl66/emission/vSL_1850-2100/er L 24 SST
'CHZIBR -= /glade/work/jzhanl&6/emission/vSL_1850- 2100/ er

0 - fglade;wnrk"f] Zhan'l REfam co1an fuSl  TE5SA.2TAM ar
= /glade/work/jzhan —
::- /glade/work/jzhan [I_]
— - aq

/ —
( -y 20.6 r._
'FH{'}I = [Sllrf..03] 4 4.15)‘: ].'D x ws (E) 23. 6{}{} X !xlll'l [Iaq]

Offline 12 + HOI source
mo_srf_emissions.F90

|

Forced to zero

|

Compute iodine flux online
mo_iodine_emissions.F90




1. Surface Emissions (lodine)

Prados-Roman et al., ACP, 2015 CESM1
-150 —120 —9 —60 -30 0 30 60 9 120 150 |SG flux (nm0| m_Zd_‘) Iodine Flux
: . 4 : : ~1.9Tglyr!
g o 700 g y
o 5 [ 600
g (f” 1 500
| — " [ 400
of . . [ 300
2/ G By — 200
3 5 100 CESM2
| I f 50 lodine Flux
p ; "’ 25
L -150 -120 -90 —B0 =30 0 30 60 9:0 120 150 ~ 3.7 Tg I yr-l
Offline 12 + HOI source _— ' o o uzs
mo_srf_emissions.F90 el S g
u: O e A) -1 200
i =100 i —HOx, 5
= 1 Brx-( 'H)".tm -
-% 7s it —lox,, 5
Forced to zero s £ 400 =
5.0 H- -4 S =0
L -4 &m0
i 25 H- -4 T
Compute iodine flux online s el

Loss rate / %

Saiz-Lopez et al., ACP, 2014

mo_iodine_emissions.F90



2. Sea-Salt Recycling (SSA-dehalogenation)

chem_mech.in + mo_usrrxt.F90

4= [usr_TERPNIT aer] TERPNIT -= HNO3 B
b R o R R R B R R R R R R R R R R R R e
*** Sea Salt Aerosol (SAD_SSLT)
M 0 00 00 0 R NN N M ° M
[het ss 0] BRONOZ -> 0.65*BR2 + 0.35*BRCL Non-stoichiometric
[het ss 1] BRNOZ -= 0.55*BR2 + 0.35*BRCL
[het ss 2] HOBR -= 0.65*BR2 + 0.35*BRCL - Net source of Br and Ci
[het_ss_3] CLONOZ -> CLZ2 eae .
[het ss 4] CLMNOZ -= CLZ Change Partltlonlng I
[het_ss 5] HoCL -= CLZ
[het ss B] IONDZ2 -= O.5*IBR + 0.5*ICL
[het_ss 7] INO2 -> 0.5*IBR + 0.5*ICL
[het ss 8] HOI -> 0.5*IBR + 0.5*ICL )

1srrxt.F90

“gd4 (meands gammas divided ™
gamma_brono2 ss 0.012 r8
gamma_brno2_ss 0.012_r8
gamma_hobr_ss D.048 r8

d=|! CESM2-VSL.003 - CC2x2 noga
real(rg8), parameter :
real(r8), parametgBPN:
real(rg8), paps®ter :!

4= !rpf (Feb 17, 2013): introduce logical
if (press_lev = 200._rg8) then
logical sslt = 0.0 r8
else

Free Regime Approximation

logical _sslt = 1.0 r8
endif
| Vd / FSSa =Vq .
Sea-salt aerosol

o Do not keep track of halide content
Br /Cl MBL
BrONO, — 0.65Br;, + 0.35 BrCl on aged Sea-Salt !!!

BrNO, — 0.65Br, + 0.35 BrCl P : :
HOBr  — 0.65Br, + 0.35BrCl (infinite halide reservoir)




2. Sea-Salt Recycling (SSA-dehalogenation)

a FULL™® — SURR
( )-so" - o 500 40" . 80° 48r, (ppt) {C} 0 2 4 6 8 0.25 050
5 s T E ; T ! 1 T 5 o T L] o T T T
E 1 g [ ; | - TH{IF 9 h T R N*
10 : i i : Tropics FULL -SURR FULL
E i : i [ : 30 ’ LB & oy LB
z : . P g EXPL'"™ .SURR | EXPL 130
E 25 * 3 z g . =
o 20 § - o - 'I\ ABr §
=2 .
% 100 fse: 8 S0F Ng 120 =
B = 7 <
* 200 . : . 10 : e £ 100 ~ - I rospopause a
300p - .~
- ’ - 200 - L - + 110
740 4 - —"_7‘:‘ 2.6 3{'“ / i I.I" === AVSL
0° 40° of !
i i i k= o i T i “
(b) EXPL'™ — SURR 0 2 1 6 8 025 050
-60° 2;°E 40° 60° ABromine /ppt Brﬂlfﬂr}.
5 v Al - .
: % '4 L]
i3 430 4 Intercomparlson between
z 6 Surrogate, Explicit, and Full Treatments
4 5

05 of VSL Bromine Chemistry Within
0.2 the CAM-Chem Chemistry-Climate Model

ressure / hPa

wy / apmn

~~

S

P
)
o
(=)

B 10

300
S00§

700 %

(Fernandez et al., GRL, 2021)

0° 20° 0° 60°
Lotitude

Bry enhancements below 500 hPa are > 2 times larger for FULL respect to EXPL

-60° -40° -20°

The omission of Bry ice-scavenging within the EXPL approach results in an infinite
tropospheric lifetime of bromine atoms released in the upper troposphere



2. Sea-Salt Recycling (CESM1 vs. CESM?2)
SAD_SSLT [<I:m2/cm3'|, lon_averdage, O‘Il\lﬂov 1-00:00 o SAD_SSLT [f:mz/cmﬂ, lon gercie.zo’lmzﬁbijgs

i LTiE.EDe—Qﬁ
i I 1.00e—0E _ = 1.00e—C8
28 i 5.500—07 %ﬁ: i - 5.508—07
1%8.— L L | one—o7 100, 7 3 | 1.00e—07
15 | |5.50e—08 15 |_|5.50=a—05
L 1.00s—08 —_ L L11.008—08
= [ = |[fpB0e—0w 2 L & |5.50e-09
E 200 [ £ Ehoge—os E 200 L & [ooe—09
o -107  []5.50:—10 o 10 _?'386_18
3 i 3 = 1.00e—10 2 3a0. I = Lle—
g 300 = 5.50e-11 & [ = 550811
L 4007 = 1.00e—11 L 400, = 1.00e—11
500, 5 5.B0e—1Z2 500, 1 -5 5.50e—12
i 3 1.00e—12 800, - - 1.00e—12
e L |5 50e—13 a6 - 5. 50e—13
800 r | 11.00e—13 800, 1 [ —1.00e—13
500 : . : - - .00 900, N e - Q.00
—-E0 ] =] =& il =11}
frmindic/ rafapadro/Ext ik UTH_1 /Titax? Backup,/kesbetusabefda gne senin 200 oct/F.et 1. FOVELALN S_oomi-e L EnpTief L LRI EFA 5_cOHt i rafapedroExt sk LTNLY /Dotoe? Bachup/ LESkEuahet fohn @resmshn 20mnct Fet1,FowiS0.1 31 rmq! 7.ei Dk BdicOM AP SA28_cimahe
SAD_SSLT_EFF [em2/em3], lon average, OTMay 1 Q0:00 SAD_SSLT_EFF [¢m2/cm3], lon average, D1MGE1 o0:00
. . . iS.EOe—G-S . CES / 2 SAD FF i5_5oe—{:a
| = 1.00e—-08 | — L 1.00e—06
%ﬁ; ] - 5.500—07 %ﬁ; ] L 5.500—07
1007 7 B L |{1.00e—07 100 7 3 {1 00e—07F
—13 L{5.50=—05 15 L{5.50=—053
. C | h.coe—08 C | |1.00e8—08
=} L = L_|5.50e—0% =) | T L _|5.50e—0%
E 2004 L £ HEHhooe—ns  E 2001 L £ |[i.o0e—0s
u =10 4, —9.50e—10 o F10 5,  —5.50e—10
5 140 4 T o 1.00e—10 5 344 4 Tz 1.00e—10
a '. r £ 5.50e—11 @ r £ 5.508—11
& 400, 7 B T 1.002—11 & 400, 7 i T 1.008—11
— [ 5 5.50e—12 - [ = 5.50e—12
600, - = 1.00e—12 500, - 1.00e—12
200, - B L {5 B0e—13 700, - 3 L {5 E0e—13
a00. r I |1.00e—13 a00. r I |1.00e—13
a0, 1 i .00 a00. [ 2.00
—E0 0 B0 —E0 4] Eo
;mudiquhpunm;&miuumqMunmwmh&mbﬁ{dagiﬁm]imowﬂm1.Fsmsuw.ﬂa_nmmnhmr@mammms_dmm l."mndh.l’mfupudm..l‘ﬁtl}iuk_um_iMM:MMMWHW}WDMEMI.Mm.flajlml?.dmhmﬂdﬁdﬂlﬂ_ﬂﬁjimhc

SAD levels in CESM2 are more than 5 times larger than in CESM1
We implemented 2 approaches for reducing the recycling efficiency:
a. SAD CAP
b. Reduce gamma efficiency
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2. Sea-Salt Recycling (CESM1 vs. CESM?2)

~ " CESM1 BrO VCD

J

b _'
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3. Washout on liquid and ice clouds

user_nl_cam + chem_mech.in + mo_neu_wetdep.F90 + mo_usrrxt.F90 + seq_drydep_mod.F90

&wetdep_inparm s .
gas_wetdep method = 'NEL! ) NEU routine
gas_wetdep 1ce uptake list ='HOI','IONOZ2','HI','BRONOZ', 'HNO3!
gas_wetdep list = 'HOI', 'ALKNIT', 'ALKOOH', 'B( not mapped to HNO3

'BIGALK', 'BIGENE', 'BRZ2', 'BRCL', 'BRNOZ', 'BRONOZ', ' ‘I'

JIxOy
1l gt s i v""*"-'-'-n 120 Too efficient washout
)
B o . . o ge
For Inorganic iodine

125 B | Minor)

] [ONO =] 200 ‘J,

E 100 = ———
~ . O Z
P mmro | & - washout of
£ W crBe) ) 2 —> & IONO2
= —eTT =

5.0 x50 Controls ly burden
600 ll
2.5 -~ 700
g b Replace NEU scheme
04 0.5 4 5 by FR Aprox.
ng l'llﬁ(l / ')l)'\ +|:+::+::+::+::+::+::+::+::+::+::+::+::+::+::+::+::+::+::+::+::+::+::+::+::+::+::+::+::+::+::+::+::+:
*** Tropospheric Aerosol (SAD_ICETROP and SAD_LIQTROP)
il e e o e o e o e et e R
[lig_fr_hoil HOI -=>

ice fr _hil >

[
[ice Tr hoil ¥
- [ice fr i 2] I0ONDZ -=
Saiz-Lopez et al., ACP, 2014 [ice fr brone2] ﬁl . )




4. Tropospheric Ice Recycling (Br and Cl)

user_nl_cam + chem_mech.in + mo_usrrxt.F90 + mo_sadtrop.F90

= b 8 3o 4K o o b o o o o ok
*#** Tropospheric Aerosol (SAD _ICETROP and SAD _LIQTROP)

[ice_trp_cl_1] CLON

[ice_trp_br 1] -> HOBR + HNO3 TS
[1ce_trp_hbr_5] OCL + HBR -=> BRCL + H20 On tropospheric ice-crystals
[1ce_trp_hel 5] HOCL + HCL -= CL2 + H20

[ice_trp_hbr_&] OBR + HBR -= BRZ + Hz0

[1ce_trp_hcl_6] -> BRCL +

Change in partitioning
Halogen reactivation

6
C) 8
30 Tropics 10 Bry
i — = Western Pacific - FULLTROP + stdv
L HOBr + HCI (SULF C) Zoom of a) and b) - Tropics -
= . - () ) ) i EXPL'8C + stdv
- P :‘; 3 SURR + stdv
P --Ja0 3 k 8
BasleZ o Ny oo e TTE TN X ol 100, 50 VSL™
= - _20
= W bl - siaieitaded et it s
I a >
5 e j £ 75; 18
HOBTr + HBr (ICE) 1 600 -
" 4 800 o a
10” 10* 107 10° 10° 10" 10° .01 01 1 10 100 100010000 a ‘_ 2
Surface area / cm’ reaction rate / molec em ™ s” g 100 -16 =
1™
& 3
‘ <14
150+

Fernandez et al., ACP, 2014 i/
Fernandez et al., GRL, 2021 %R st/ rok



4. Tropo & Strato Recycling (lodine)

user_nl_cam + chem_mech.in + mo_usrrxt.F90 + mo_sadtrop.F90

* LR R o o o R R S o R R R S S R R R o o R R R R O

#+* Stratospheric Aerosol
b e b o o b e o b e e e
[slf_str_1_1]
[slf_str_1_2]
[slf_str_1_3]
[slf_str_1_4]
[s1f_ipart_1]

Based on strato_rates.F90
> Mapped to Br and CI
SULF, NAT, ICE SAD

ook ook

IOMDZ -= HOI + HMO=
HOI + HCL -= ICL + H20
HOI + HER -= IER + H20
HI

[s1f_1part_2] HOI + HCL -= IPART i
' T ' T —f— 35 . .
by [ Increase lifetime
| RF01,RF17 RF12,RF14 avgsstdv =30 .
. NHavg \ against washout
I A SHavg - 25
'1 I i non-recycling scheme
§ 121 | ice-recycling scheme — g i
CONN o i N o e [ 3
A~ B h Lower TTL | 3
- 10 Compatible with
-5 Inorganic lodine
f=—t-0 stratospheric injection
1,0 1.5 4,0 4.5
|y fpptv ly < 0.75 pptv

Saiz-Lopez et al., GRL, 2015

Summary of estimated V5L source gas injection (5GI) and product gas injection (PGI) contribu-

tions to stratospheric halogens (based on observations and model results).

VSLS Best Estimate (ppt) sGl' PGF Total (SGI + PGI)*
Chlorine 92 (75-110) 25 (8-50) 115 (75-160)
Bromine 22(0.8-4.2) 27(1.7-4.2) 5(3-7)
Table 1-5. WMO 2018 loding  ——— 0-0.1 0-07 0-0.8




4. Tropo & Strato Recycling (lodine)

user_nl_cam + chem_mech.in + mo_usrrxt.F90 + mo_strato_rates.F90

* LR R o o o R R S o R R R S S R R R o o R R R R O

*#* Stratospheric ferosol Formation Of

o o o o o e e o o o oo o o o e e o o o oo e e e e o o

[slf str i 1] IOND2 -> HOI + HNO3 Particulate lodine
[slf_str 1 2] HOI + HCL -= ICL + H20
[s1f str 1 3] HOI + HER -= IBR + HzZO
[s1f =tr i a] e ly gas = ly_part

-= IPART
HCL -= IFART

[slf_ipart_1]
[s1f _ipart 2]

|

Phase change of iodine species
Uptake by stratospheric aerosols

[ice_str 1 1] I0NDZ -= HOI + HNWO3

[1ce_str_ 1 2] HOI + HCL -=> ICL + H20
[1ce_str 1 3] HBR -> IBR + H20
[1ce str 1 4]
[1ce_ipart 1]
[ice_ipart_2]

20 ! I | 1 1 1 1

<& 10 normalized to match A 0 TORERO (SH)
0O, from climatology WM CONTRAST (NH)
18 No ice recycling -+ A ATom (SH)
Ice recycling ATom (NH)
+ phase partitioning
E 16 = —4—
x
~ -
°
-
: — ——
= 14 -
12 . cenpall e .. eeeee b ol
10 1 { 1 1 1
0 0.1 0.2 0.3 0.4 05 0 0.2 04 0.6 08 0 10 20 30 40
10 (ppt) Iy (ppt) % Total O, destruction

Koenig et al., PNAS, 2020



SAD fields: CESM1 vs CESM2

Tropical mean (202N - 209S)
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Conclusions

**VSL Halogen Chemistry is now included in CESM 2.2

** Tuning was required for heterogeneous processes due to changes in SAD,
mostly on SAD SSLT and Liquid Clouds

*»» Washout efficiency and uptake for soluble reservoir species is performed both
using NEU routine and the FR Approx. approach.

**Both Halogen SGs and PGs show equivalent spatial and vertical distributions
as in CAM4-Chem (CESM1)

s»Tropospheric Burden and Impacts are sensitive to changes in model spatial
resolution and compsets (FR vs. SD) due to changes in SAD

A proper representation of atmospheric halogen impacts requires using a
Full Chemical Treatment of VSL Halogens in the troposphere and stratosphere
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Impact of VSL®" on the OHA
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Impact of Biogenic VSLE":
® Including VSL® improves the model-measurement agreement

® The biogenic bromine-driven OHA enlargement is ~5 million km?,
equivalent to the current chemical healing shrinkage estimated due
to the phase-out of LLY and LL8" emissions (Solomon et al., 2016).

® VSL® increases the max. OHA by 40% during the 2000t" decade,

and doubles the ozone hole extension during,2030'" decade.
Fernandez et al., ACP, 2017



Latitude

Natural Halogens Buffers Tropospheric Ozone
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