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Climatological bottom-up estimate 0.76 Wm-2 2006-2020: von Shuckmann et al. (2023) ESSD
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https://www.ipcc.ch/report/ar6/wg1/figures/chapter-7/figure-7-2/
https://doi.org/10.1038/ngeo1580
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https://doi.org/10.5194/essd-2022-239
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based on Allan et al. (2014) GRL: Liu et al. (2020) Clim. Dyn.: Allan & Merchant (2025) ERL 18
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ENERGY IMBALANCE CHANGES 2022-23 B8 Reading
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Effective heating, k = (dSST/dt)/N = 0.033 °C/decade/(Wm™) @
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Effective heating layer, d = F/pc(dSST/dt)(A,/A,) ~ 300m von Shuckmann et al. (2023) ESSD
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dSST/dt = 0.25°C/decade (60°S-60°N, ESA CClI)

Effective heating, k = (dSST/dt)/N = 0.025/0.76 = 0.033 (°C/yr)/(Wm-2)

89% of net energy imbalance heats the ocean (F = 0.67 Wm-)
What ‘effective’ layer of ocean is being heated?

- Ocean heat capacity, ¢ = 4003 J/kg/K; Ocean water density, p = 1027 kg/m3 .
d = F/pc(dSST/dt) (times s/decade, divide ocean/global Area, A /A,)
~ (0.67/(1027x4003%0.25%0.63)) x 86400%x365%10 ~ 300 m
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2006-2020
trend (Wm-)

Atmosphere 0.014 £ 0.003
(ERAS5: 0.017)
Land 0.039 + 0.004
Cryosphere 0.028 + 0.008
Total Ocean (F) 0.67 £ 0.3
Total N 0.76 £ 0.2
sub-100m ocean D ~0.46 ?
CERES N 0.83+0.18

von Shuckmann et al. (2023) ESSD

dSST/dt = 0.25 °C/decade

(CCI, 60°S-60°N)

(b) dSST vs N (AUQ-JU') gﬁrgvaezul?;ugf
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N (Wm™) [60S-60N ocean 63% of globe]
H ~ 0.63(dT/dt)dpc = 6.5x10° J/yr/m? = 0.21 Wm-2
D=F-H=0.67-0.21=0.46 Wm™2
If N increases by 1 Wm2 & D remains constant...
AH ~ AF ~ 0.89AN
A(dT/dt) ~ 0.89AN/0.63dpc = 0.11 °Clyr :
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https://doi.org/10.5194/essd-15-1675-2023

2022 TO 2023 HEAT BUDGET? g Yiversiy o
Reading

2006-2020 2022-2023 ° C ould assume same

trend (Wm-) proportional

(Von Shuckmann | heating (Wm'2) proportion as 2006-2020:
» atmosphere heating (2%), ice

Atmosphere (OE'ORX?(? '(())1073) 0034 (%) melt (4%), land warming (5%)
Land 0.039 + 0.004 0.095 (5%) » 2022/23 ocean heating 1.6 Wm-
Cryosphere 0.028 + 0.008 0.068 (4%) « If flux to deeper layers fixed at
D ~ 0.4 Wm2, mixed layer
Total Ocean 0.67 £ 0.3 1.64 heating: H~1.2Wm2
CERES N 0.83 +0.18 1.92 ~ 0.15 °Clyr
(+1.1) * Actual dSST = 0.25-0.27°C

von Shuckmann et al. (2023) ESSD

c =4003 J/kg/K; p = 1027 kg/m3; d ~ 100m
60S-60N ocean area 63% of globe
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UPDATED ENERGY INVENTORY

» Changes 2023 minus 2022 relative to 2006-2020 trends
* ICE:
*lce sheet changes (GRACE): -170 Gt Greenland, +65 Gt Antarctic
¢ 2006-2020 rate (—279 Gt/yr Greenland; —167 Gt/yr Antarctica)
» Total ~ 300 Gt/yr less melting than 2006-2020 trend |~ 4.
*Sea ice: H‘“x ;
« Arctic (PIOMAS): -168 Gt (ice density 900 kg/m3) |
>similar to 2006-2020 rate (-200 Gt/yr). |
e Antarctic ~1x108 km? less in 2023 than 2022 | TSTRRTN:
>~900 Gt loss (if 1m thick) compared to little loss durlng 2006 2020
>Total: extra ~600 Gt/yr loss (900 Gt/yr sea ice — 300 Gt/yr ice sheets)

e Extra +0.012 Wm-= heat used up melting ice

9

LIMITLESS POTENTIAL | LIMITLESS OPPORTUNITIES | LIMITLESS IMPACT



UPDATED ENERGY INVENTORY

» Changes 2023 minus 2022 relative to 2006-2020 trends
* ICE:

e Extra +0.012 Wm-2 heat used up melting ice
«0.028 Wm=2 > 0.04 Wm=2 (4% > 2%)
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» ERA5 atmos. heating 8.6x 2006-2020 rate (VITE) 1= SRR
9 012 Wm'2 (2% 9 6%) @mgm ?IMO$PHERE
« LAND: .

e Land surface warmed ~10x 2006-2020 rate

» [f assume 5x heating rate (??7) 0.039 Wm-
2 0.2Wm=2 (5% 2 11%)

2006-2020 (1971-2020)
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UPDATED ENERGY INVENTORY

Atmosphere

Land
Cryosphere

Total Ocean

Total N

CERES N

2006-2020 2022-2023
trend (Wm-) proportional
(Von Shuckmann heating (wm-2)
2023)
0.014 £ 0.003 0.034
(ERA5: 0.017)
0.039 + 0.004 0.095
0.028 + 0.008 0.068
0.67 £0.3 1.64
0.76 £ 0.2 1.85
0.83+0.18 1.92

(+1.1)

Allan & Merchant (2025) ERL

c = 4003 J/kg/K; p = 1027 kg/m3; d ~ 100m
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If 1.5 Wm- heating
100m mixed layer:

2022-2023
estimated

heating (Wm-2)

0.120
(ERA5: 0.146) dSST = 1.5/0.63dpc =
0.200 0.18°C
0.040
1 40 Or what depth would be
85 warmed by 0.27°C?
d = 1.5/0.63pc.dSST
1.92 ~ 70 m)

But usually ~0.4 Wm-
lost to deeper layers...

60S-60N ocean area 63% of globe
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RECONCILING ENERGY BALANCE WITH
SURGE IN OCEAN WARMING 2022-237?
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heating from below
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Allan & Merchant (2025) ERL

d) ’.85

0.04 0. 12
l 1.49
'vo 20
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0
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shallow mixed layer
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https://doi.org/10.1038/s41612-025-00996-z
https://doi.org/10.1088/2515-7620/abbb39

Minobe et al

. (2025) npj Clim. Atmos. Sci.
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https://doi.org/10.1038/s41612-025-00996-z

National Centre for University of
CONCLUSIONS @ arkn Claermon. Reading
* Record warmth in 2023-2024, close to or above 1.5°C warmer than pre-industrial

e Ocean surface warming of 0.27°C from 2022 to 2023

- Earth’s energy imbalance reached record levels in the satellite era
e ~2 Wm-=2 August 2022-July 2023

» About 15-20% heated the atmosphere, land and to a lesser extend melted and
heated ice (larger than the climatological proportion of ~10%)

* If 1.5 Wm heated the ocean and 0.4 Wm- went below mixed layer (~100m) as
implied from climatology, this would only warm ocean surface by ~0.18°C

« Can only reconcile observed warming and heating if:
(1) Heating concentrated on shallower ocean mixed layer (e.g. England et al. 2025 Nature)
(2) Heating from above combined with reversal of downward heat flux to deeper ocean

* What explains growing energy imbalance? Allan & Merchant (2025) ERL; Minobe et al. (2025)
npj Clim. Atmos. Sci. ;Loeb et al. (2024) Surv. Geophys.: Goessling et al. (2024) Science; Hansen et al.
(2025) Environment: SPSD; Hodnebrog et al. (2024) Comm. Earth Env.; Kuhlbrodt et al. (2024) BAMS 15
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External Forcing

Internal Response, Feedbacks, Variability
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