Atmosphere. Korean Meteorological Society
Vol. 34, No. 4 (2024) pp. 385-396
https://doi.org/10.14191/Atmos.2024.34.4.385
pISSN 1598-3560  eISSN 2288-3266

CHEX ol|itstEla SZo Cigt CHRAAH =0[2| vILIH BIS

HMEY - E=M02%
DA g sta A 8 s, P et 5 AeA T A
A5Y: 20243 79 19¥, £4Y: 20243 9¥ 42, ALY 20243 99 42)

Asymmetric Tropopause Height Change to Symmetric CO, Change

Seohyun Chung” and Seok-Woo Son"*

USchool of Earth and Environmental Sciences, Seoul National University, Seoul, Korea
I Interdisciplinary Program in Artificial Intelligence, Seoul National University, Seoul, Korea

(Manuscript received 19 July 2024; revised 4 September 2024; accepted 4 September 2024)

Abstract It has been widely documented how climate systems respond to net zero carbon emis-
sions. While the reversibility of surface climate variables under CO, removal has been reported,
tropopause height change has not been addressed. By using multi-model simulations where CO,
concentrations are symmetrically ramped up and down, the present study investigates how zonal-
mean temperature distribution and tropopause height respond to varying CO, pathway. During
the ramp-up period, tropospheric warming and stratospheric cooling get strengthened, causing
tropopause to rise in both the tropics and extratropics. Such changes are reversed during the
ramp-down period as CO, concentrations are reduced. However, their recovery is slower, leaving
the tropopause height at the end of CO, removal higher than its initial state. Such asymmetric
response in tropopause height is mainly attributable to upper tropospheric rather than lower
stratospheric temperature changes. This finding suggests that hysteresis behavior of climate sys-
tems to CO, removal may occur not only at the surface but also at the tropopause.
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Fig. 1. CDRMIP CDR-reversibility scenario. Black line denotes CO, concentrations which are quadrupled from the initial value
during the 140-year long ramp-up (RU) period, and reduced during the 140-year long ramp-down (RD) period. The three

reference periods, i.e. earlyRU, PEAK and lateRD, are shaded.
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Table 1. List of climate models used in this study.
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Model Institution Resolution
ACCESS-ESM1-5 CSIRO, Australia 1.88° x 1.25°
CanESM5 CCCma, Canada 2.8°%x28°
CESM2 NCAR, USA 1.25° x 0.94°
CNRM-ESM2-1 CNRM-CERFACS, France 1.4° x 1.4°
GFDL-ESM4 NOAA-GFDL, USA 1.25° % 1°
MIROC-ES2L MIROC, Japan 2.8°%x28°
NorESM2-LM NCC, Norway 2.5% % 1.88°
UKESM1-0-LL MOHC, UK 1.88° x 1.25°
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Fig. 2. Zonal-mean temperature biases. (a) Climatological temperature in ERAS5 for the period 1979~2022 and (b) CDRMIP
multi-model mean biases against ERAS. (c)-(j) Same as (b) but for individual models. Thick solid line denotes tropopause

pressure (Prp).
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Fig. 3. Model biases in zonal-mean tropopause pressure (Prp). (a) Climatological tropopause pressure in ERAS for the period
1979~2022 and CDRMIP multi-model mean for the period 1867~1889 (year 17~39), and (b) individual model biases.
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Fig. 4. Zonal-mean temperature changes from earlyRU to PEAK periods. Temperature changes in (a) CDRMIP multi-model
mean and (b)-(i) individual models. For individual models, statistically significant changes at the 95% confidence level, based
on Student’s #-test, are dotted. For multi-model mean, regions where at least 6 models show significant change are dotted. Red
and black lines indicate tropopause pressure in earlyRU and PEAK periods, respectively.
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Temperature: lateRD minus earlyRU
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Fig. 6. Zonal-mean temperature changes from earlyRU to lateRD periods. Same as Fig. 4 but for lateRD minus earlyRU

periods.
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Fig. 7. Tropopause pressure (Prp) changes to the CDR-reversibility scenario. Time evolution of Prp for (a) whole globe, (b)
tropics, (¢) NH extratropics, and (d) SH extratropics. Each model is denoted with colored line, and multi-model mean is
indicated with a thick black line. An ensemble spread, quantified by one standard deviation across 8 models, is shown with
shading. As a reference, Prp derived from ERAS is presented in light blue diamond. A horizontal dashed line denotes the pre-
industrial Prp (year 0). All values are 11-year running averaged.
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Fig. 8. Relationship of Prp changes to (top) upper tropospheric temperature (UT-T) and (bottom) lower stratospheric temperature
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