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The problem: Climate models exhibit greater tropical tropospheric warming
than satellite observations
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CMIP3: Multimodel average trend 2 - 6 times greater than observations

CMIPS: Multimodel average trend 2 - 3 times greater than observations

Tropical Mid-Tropospheric Temperature Variations

Models vs. Observations
5-Year Averages, 1979-2016 Trend line crosses zero at 1979 for all time series

''''''''''''''''

o | = »
HEpersture sewand the ghoder is wcreanieg faster thas

SRER 10 ears age . Provident Oasma (11 uu,‘"""""‘

.....

......... ACCESS]..O cessnnene AccEssl'a
--------- BCC-CMS1.1 seeeeeees BCC-CSM1.1(m)
......... BNU-ESM sesseesss CanESM2 .
""""" CCSMA4 (6 runs) seeseee- CESM1(BGC) (1 run) 1
©oooo-- CESM1(CAMS) (3runs)  «oooeee CMCC-CM B S T P Mo
--------- CNRM-CM5 ~++** CSIRO-Mk3-6-0 £ B s T AT, g
......... EC_EARTH cessncene FGOALS-gZ L R L o Resol S o .
......... Flo_ESM eeeccsces GFDL'CM3 (1 run) :," ‘:A‘z . -‘."-:}‘ :’_. ..'.. r > ~ 1A e 2 . F, -
--------- GFDL-ESM2G (1 run) GFDL-ESM2M (1 run) R T T > LT
--------- GISS-E2-H (16 runs) ~eseeeo GISS-E2-R (18 runs) FE R ANST e g | Average of 102 CMIP5
HadGEM2-ES e INM-CM4 o et i T Sl Sy . .
~+++-+ |PSL-CM5A-LR IPSL-CM5A-MR A EEF A i Model Runs in 32 Grou pings
--------- IPSL-CM5B-LR 20000000 MIROCS St X & R AR o Ll
--------- MIROC-ESM MPI-ESM-LR S
MPI-ESM-MR MRI-CGCM3
NorESM1-M NorESM1-ME
32 Group Mean el Avg Sat S
==O== Avg Balloon —0— :\_v_g.;:eanalvs.fi_‘._ e Xy | Ny A

Average of 102 PCC
cvip.s Cimate Models

’

|
..Q_—_ C_ A ==
2 C-Span.orgy S

: il N Y Observations
it % Circles - Avg 4 Balloon datasets
R ——— S¢.1uares- Avg 3 Satellite datasets
Model output: KNMI Climate Explorer Diamonds - Avg 3 Reanalyses
1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

Wallace et al. (2000); Karl et al. (2006); McKitrick et al. (2010); Christy et al. (2010); Santer et al. (2017a,b)



Are climate models too sensitive?
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The imprint of multidecadal variability

How much did internal variability reduce satellite-era
warming of the tropical troposphere?
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Quantitying satellite era internal variability

Train machine/statistical learning to
predict the a) forced and b) unforced

Use a leave-one-out approach

component of tropospheric warming
based on the surface warming pattern

Test
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Sample lots of 36-year time periods Apply climate-model based learning to

observations to estimate real-world forced and
unforced tropical tropospheric temperature trend

(across 150+ year historical period, different
models, and ensemble members)




Quantitying satellite era internal variability

Internal variability component of tropical
tropospheric warming [1979 — 2014]
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Quantifying satellite era internal variability
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The role of forcing biases
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A role for observational biases

Tropical Tropospheric Warming
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Summary

Results indicate that internal variability has offset the forced component
of warming by about 25%

Removing internal

variability from e |argely resolves model-observational difterences (for ECS ~3K)
satellite observations

m— ®

. Results depend on the reliability of climate model simulations
S
< CMIP a A bias in the biomass burning aerosol emissions enhances warming in
£ Models the CESM2 large ensemble; may eftect other CMIP6 models
00 01 02 03 04 05 06 e Some satellite datasets have tropical tropospheric temperature trends

Tropical TMT Trend [K decade™] that are lower than expected, possibly due to unresolved biases









PLS predictions versus actual tropical tropospheric warming.

b. Forced Tropical TMT Trend
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Fingerprint maps and observed warming.

a. Unforced Fingerprint




Contextualizing ML results with the total trend, the CMIPé6 distribution, and ECS.

a. Total Tropical TMT Trend b. CMIP6 Trend Distribution c. Tropical TMT Trend and ECS
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Effect of biomass burning aerosol bias on tropospheric warming.

a. SBB TMT Trend Impact

b. Influence of forcing and variability
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Results across methods.
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Observed warming.
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Results with SST trends as predictors.

a. Unforced Tropical TMT Trend
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Results over 1979 - 2021.
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Results on global scale.
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PLS Regression components.
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Model warming relative to variability.

a. Simulated warming [K decade™!] b. Standard deviation of warming [K decade™]
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Mean squared error across parameter space.
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Results across parameter space.

Tropical TMT Trend [K decade™!]
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Ridge regression fingerprint maps.

a. Unforced Fingerprint
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Ridge regression alpha sensitivity.
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Estimated internal variability compared to

historical and piControl variability distributions.
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