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Abstract

The Atlantic Meridional Overturning Circulation (AMOC) is widely expected to
weaken this century, with potentially large impacts on Europe, but the strength
and timing of the weakening is still uncertain. Using validated, satellite-based,
energy-balanced estimates of net surface heat fluxes, we show that from 1985 to
2023 the heat lost by the Atlantic ocean between 26.5 °N and 70 °N reduced
by about 18 +£10% (95% confidence interval). Such large changes in ocean heat
loss over a 40-year period are rare in CMIP6 pre-industrial control simulations,
suggesting the change is a consequence of forced climate change. Using correla-
tions between trends in this heat loss and the AMOC in CMIP6 climate change
simulations, we calculate the AMOC at 26.5 °N reduced by 14.2 + 13.9% over
the last 30 years. These findings are probably more robust than those from other
AMOC proxies, because the reduction in heat loss is the fundamental mechanism
for AMOC weakening under global warming.

Keywords: Atlantic Meridional Overturning Circulation, net surface heat fluxes,
climate change

28 August 2026

1 Introduction

The Atlantic Meridional Overturning Circulation (AMOC) transports warm near-
surface waters northward and colder deep water southward in the Atlantic [1-3]. The
warm water brought northward loses heat to the atmosphere which keeps Europe
much warmer than it otherwise would be [4, 5]. The AMOC is an important element
of the ocean’s global overturning circulations which redistribute heat, carbon, oxygen
and other tracers and as such play a key role in global climate [6]. These circulations
involve complex, time-varying currents [7] which are controlled by subtle combinations
of drivers and processes [8-10].

The AMOC at a given latitude is defined by the net volume transport through
the meridional section across the Atlantic basin above the depth (or density) where
the net transport integrated from the surface is a maximum. There is strong evidence

that, at least for zonal sections near 26.5°N, the AMOC is strongly correlated with the



57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

7

78

79

80

81

82

net poleward ocean heat flux through that section [11-13], and that fluctuations with
periods of less than 2-3 years are mainly driven by variations in surface wind stresses
whilst longer period fluctuations are mainly associated with fluctuations in surface
buoyancy fluxes to the north of the section [14, 15]. Carefully designed experiments
[16] suggest that changes in the AMOC under climate warming are mainly associated
with reductions in the net upward surface heat fluxes (NUSHFSs) from the ocean to
the atmosphere in the northern Atlantic.

The AMOC at 26.5 °N has been well observed by the RAPID array since 2004
[17-19]. The latest report of the Intergovernmental Panel on Climate Change [20]
concluded that the observation record of the AMOC from the RAPID array since 2004
is too short for the evaluation of a long-term trend given the decadal scale internal
variability and, whilst it is very likely that AMOC will decline in the 21st century,
there is low confidence in the projected timing and magnitude of the decline because
of the lack of agreement in its simulation between climate models.

Many studies have attempted to extend the observed AMOC timeseries back in
time from 2004 using different observational proxies. A sea surface temperature (SST)
fingerprint has been used in many studies because of the potentially long observational
records [21-26]. These SST fingerprints have suggested a weakening of the AMOC over
the last century. However, several studies [27-30] have shown that the relationship
between SST and the AMOC differs depending on external forcing and that observa-
tional uncertainty can affect the fingerprint [31, 32], casting doubt on the robustness
of the proxy. Other variables have also been used as proxies, including subsurface tem-
peratures and heat content [21, 33], sea level [34], heat fluxes [35, 36], salinity [37],
sea surface height [38] and the Bernoulli function [39]. There is disagreement between
the proxies about the weakening since the mid 1900s [33-35], leading to uncertainty

in whether an ongoing trend in the AMOC has been detected.
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Since the 1990s there has been greater observational coverage allowing additional
proxies to be used, however on these shorter timescales variability has a larger role
and trends indicated by proxies for the subtropical and subpolar North Atlantic can
differ. A review of recent variability [40] suggested that the subpolar AMOC had a
maximum in the 1990s followed by a weakening, though it has been unclear how much
of this weakening is due to internal variability rather than anthropogenic forcing, and
whether this weakening will continue [41]. More recent measurements [42] have shown
that from 2004 to 2023 the AMOC weakened by about 1.0 Sv per decade (with a 90%
confidence interval of 0.4 to 1.6 Sv per decade).

Given the large interannual variability in the AMOC measured by the RAPID
array, proxies that focus on the mechanisms of longer term change in response to
radiative forcing have the potential to better distinguish those longer term changes
from interannual noise. With the expected key role of NUSHFs [16], NUSHF's are a
particularly attractive candidate as a proxy for long term AMOC change.

Based on a strong relationship between the NUSHF in the northern Atlantic and
the AMOC, using the NUSHF's obtained directly from atmospheric reanalyses, [35]
found no evidence for AMOC decline from 1963 to 2017. The NUSHFs obtained
directly from atmospheric reanalyses are however not directly constrained by measure-
ments and have been found to be unreliable for many purposes [43-46]. More reliably
constrained NUSHFs can be obtained using the DEEP-C method [36, 44, 47-49] (see
Methods for more details).

The main aims of this paper are: to show that according to these improved methods
the heat lost from the ocean to the atmosphere in the northern Atlantic reduced
over a recent 39-year period; to show that this reduction is at the outer edge of the
distribution of corresponding changes in pre-industrial control (piControl) climate
simulations; and to suggest that the reduction in heat loss is likely to be associated

with the steady reduction in the strength of the AMOC expected in the 21st century.
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2 Results

2.1 NUSHF trends

The large-scale spatial patterns of the DEEP-C trends in the NUSHF from 1985-2023
calculated using ERA5 [50] and JRAS5 [51] reanalysis data, respectively (Figs. 1(a)
and (b)) agree quite well and are as large as 10Wm ™2 per decade. The stippling based
on analysis of the residuals after fitting a linear trend at each point (see Methods)
suggests that the large-scale patterns of the trends are reliable. Figure 1(c) shows
that the DEEP-C timeseries of the integral of the NUSHF in the northern Atlantic
between 26.5 °N and 70 °N (the blue box in panel (a)) calculated from three different
atmospheric reanalyses (MERRAZ2 [52] being the third) are similar and their trends are
well captured by best fit linear regressions. Taking the average of the three slopes we
estimate that the heat loss has reduced from 0.986PW by 0.047 PW per decade. This
amounts to a reduction of 0.18 PW or 18.5% from the start to the end of the 39-year
period. The corresponding rate of reduction of heat loss per unit area (for the blue box
region) is 2.15Wm ™ 2per decade. Assuming the three slopes are independent estimates,
the 95% confidence interval for their mean is —0.047 £ 0.026 = [—0.021, —0.073] PW
per decade. This interval is reasonably consistent with the minimum (—0.019) and
maximum (—0.080) values of the 95% confidence intervals obtained from the residuals
of the individual fits (see Methods) displayed on Fig. 1(c). The confidence interval
for the fractional reduction in the heat loss is 18.5 x 0.026/0.047% = 10.3%. The
uncertainty in the DEEP-C values across gaps in the satellite timeseries is estimated
by [53] to be 0.87 Wm™2. Over four decades this gives an error of 0.22 Wm™? per
decade which is small compared to 2.15Wm ™ 2per decade. We conclude that the trends

in Fig 1(c) are probably reliable and significant.
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Timeseries of the global integral of the NUSHF from the three DEEP-C products
(Fig. 1(d)) by construction agree well with each other and with the satellite measure-
ments of the net downward heat flux at the top of the atmosphere (TOA) (aka the
Earth’s Energy Imbalance). Over the last 20 years the global mean downward TOA
flux has increased at a rate of 0.45 Wm™?2 per decade. [54]. This puts the almost five
times larger (2.15 Wm ™ ?per decade) 39-year trend in the NUSHF in the much smaller
northern Atlantic in context.

The global averages of the NUSHFs obtained directly from the reanalyses are as
large as 10 Wm ™2 (Fig. 1(h)). Such large values are inconsistent with ocean heat
content calculations based on Argo data [55]. The trends in the global integral of
NUSHEF are of the opposite sign to those from the DEEP-C products (Fig. 1(d)) and 2
to 4 times larger in magnitude.The trends in the NUSHF in the northern Atlantic (Fig.
1(g)) also have the opposite sign from those of the DEEP-C products. [36] discuss how
analysis increments to moisture and temporal inhomogeneity in the observing system
could influence these trends particularly in the tropics. Clearly conclusions based on

NUSHFs obtained directly from the reanalyses need to be treated with great caution.

2.2 Correlations between NUSHF and AMOC changes

Strong statistical correlations have been found between the NUSHF north of a given
latitude over the preceding 10-year period and the AMOC at that latitude [35, 56—
58]. Panels (a) and (b) of Fig. 2 show that in three abrupt-4xC0O2 CMIP6 simulations
(in which the CO4 concentration is abruptly quadrupled) the NUSHF in the northern
Atlantic region (indicated in Fig. 1) reduces abruptly (within the first year or two of
the simulation) from its mean piControl value whereas the AMOC at 26.5°N initially
remains similar to its piControl value. In subsequent years, to a good approximation,
the NUSHF and AMOC timeseries both decay at an exponential rate toward a reduced

constant value (which is model dependent). Panels (c¢) and (d) of Fig.2 confirm that
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similar results are obtained for other CMIP6 simulations. A potential explanation of
these results is discussed in section 3.

Motivated by these results, Fig. 3 shows correlations between annual mean AMOC
timeseries (i.e. the running mean over the previous year) and NUSHF timeseries cal-
culated as the running mean over the preceding 10-years for CMIP6 simulations of
climate change (see Methods for details). Fig. 3(a), in which the correlation is very
strong (r? = 0.93), is calculated using 5-year mean differences of these timeseries from
their mean value for the first 250 years of the piControl. The correlation between
trends in the AMOC and trends in the preceding 10-year average NUSHF depends on
the period of the trend (Fig. 3(b) - (d)). For 20-year trends the best fit linear regres-
sion for the inference of AMOC from the NUSHF accounts for 58% of the variance and
for 30- and 40-year trends, 72% and 75% of the variance are extracted, respectively.
The slopes of the regression lines in all the panels agree well, lying between 18.5 and

19.5 Sv/PW. These values are shown to make sense physically in the Methods section.

2.3 Comparisons of simulated and observed NUSHF and
AMOC trends

Figure 4 shows how the distributions of trends in the NUSHF from 26.5 °N to 70 °N
and in the AMOC at 26.5 °N, in four types of CMIP6 simulations from a wide range
of models (see Methods for details), depend on the period of the trend. Figure 4(c)
shows that the three DEEP-C trends (calculated using the three different reanalyses
and represented by stars) lie at the outer edge of the 40-year NUSHF trends in the
piControl simulations (black line). In fact of the 324 piControl trends used in Fig.
4(c), only one has a more negative trend than the ERA5 DEEP-C trend and none has
as negative a trend as the JRA55 and MERRA2 DEEP-C trends.

Using regression slopes from Fig. 3, Fig. 4(d) shows that the DEEP-C implied

trends in AMOC are also near, but slightly less near, the outer edge of the distribution
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of the AMOC piControl trends. The mean (red circle) and 95% confidence interval
(red bars) of these 40-year DEEP-C trends is —0.8940.49 Sv per decade. We note that
the width of the distribution of piControl values is probably somewhat smaller than it
should be as most but not all CMIP3 and CMIP5 simulations probably underestimate
the standard deviation of 10-year AMOC means [59]. Also Figs. 3(b)-(d) use 10-year
mean NUSHFs as inputs so only 30-year trends of this sort can be calculated from the
DEEP-C data.

The distribution of 40-year trends from the historical simulations (taken from 1975-
2014) are much more noticeably different from the piControl trends in the NUSHF's
than the AMOC (Figs. 4(c), (d)). The DEEP-C values lie within the range of these
historical trends but all but one of the NUSHF and AMOC trends lie within the upper
quartile of the simulated trends. All of the 40-year ssp245 and ssp585 CMIP6 NUSHF
trends from 2015-2099 and nearly all of the corresponding AMOC trends are negative.
The 40-year DEEP-C trends lie close to the centre of the ssp585 trends.

Panels (a) and (b) of Fig. 4, for the corresponding 20-year trends, again show
that the distribution of CMIP6 historical trends is more noticeably different from the
piControl trends for the NUSHF than the AMOC. Of the three (overlapping) 20-year
trends that can be calculated from the DEEP-C products, only one clearly lies near
the outer edge of the distribution of the piControl trends for the NUSHF.

Results for 30-year trends in the NUSHF's averaged over the preceding 10 years
(Fig. 4(e)) are similar to those for the 40-year trends (Fig. 4(c)), the DEEP-C trends
again lying outside the distribution of the CMIP6 piControl trends. The mean trend
and its 95% confidence interval for the AMOC inferred from the 30-year DEEP-C
trends is —1.02 4 0.46 Sv per decade. This mean trend has an additional uncertainty
(not shown in Fig. 4(c)) arising from the standard deviation, o = 0.456 Sv per decade,
of the residual from the trend (Fig. 3(c)). Assuming a Gaussian distribution this

uncertainty gives a 95% confidence interval of +0.89 Sv per decade. Combining these
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two confidence intervals in quadrature gives an overall 95% confidence interval of
+1.00 Sv / decade. The percentage change over the last 30 years of the average of the
three DEEP-C NUSHFs meaned over the preceding 10 years is 14.2% and the 95%

confidence interval for this change is £13.9%.

2.4 Comparison with RAPID data

Figure A1 presents comparisons between timeseries of the RAPID array measurements
of the AMOC (blue lines) at 26.5 °N [60] and the AMOC inferred from the DEEP-
C NUSHFs integrated from 26.5°N to 70 °N using the mean regression slope of 19
Sv/PW from Fig. 3. The correlation of interannual fluctuations in the AMOC and this
NUSHF is very weak, so only the slopes of these timeseries are worthy of comparison.
The preceding 10-year average NUSHF's (green lines) agree better with the RAPID
timeseries than the annual mean NUSHFs (orange lines) and the slope of the preceding
10-year average DEEP-C ERAS5 timeseries for the period 2005 to 2023, —0.63 Sv per
decade, agrees reasonably well with that of the RAPID measurements, —0.89 Sv per
decade. The 95% confidence interval based on analysis of the residuals after the fit (see
Methods) is larger for the AMOC data (1.5 Sv per decade) than it is for the NUSHF
data (which lie between 0.1 and 0.5 Sv per decade). The 95% confidence interval
arising from the residuals to the fit in Fig. 3(b), £1.3 Sv per decade, is more than
twice as large as any of the differences between the RAPID and DEEP-C trends. The
trends calculated from DEEP-C NUSHF's averaged over the preceding 10 years from
all three reanalyses show a larger reduction in net surface heat loss than those using
annual mean values, suggesting that the AMOC may not reduce so fast over the next
10 years. The AMOC reduction in the RAPID measurements is slightly larger than
that calculated from all the DEEP-C NUSHFs, suggesting that the DEEP-C data are

not over-estimating the reductions in net surface heat loss.
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In summary, this comparison shows that the DEEP-C results are as consistent

with the RAPID data as can reasonably be expected.

3 Discussion

The rapidity of the initial response of the NUSHF's to increased COs in the abrupt-
4xCO2 simulations is striking. The land surface heats up faster and more than the
ocean under global warming [61-63] and it has been suggested that this is what leads
to the reduced heat loss in the northern Atlantic [64, 65]. This appears to be consistent
with the location of the maximum reduction in heat loss in the Atlantic (Fig. 1(c), (d))
being just off the Canadian east coast where cold air in winter is advected over warmer
seas. This region is particularly poorly simulated by most of the CMIP6 models, their
horizontal resolution being insufficient to faithfully represent the steering of the flow
by the bathymetry and the large heat loss in this region [66—-68]. The patterns of
reduced heat loss in the CMIP6 model abrupt-4xCO2 and historical simulations differ
from those of the DEEP-C products in nearly all cases (not shown) and vary greatly.
This may be related to the wide variation in the location of the warming hole in the
northern Atlantic in the CMIP simulations as the location of maximum reduction
in surface heat loss in a given model generally coincides with a warming hole (not
shown). The seasonal cycle of the trend in heat loss is worth further study as the main
reductions appear to be in the winter months [36], which would maximise their impact

on the winters in north-west Europe.

4 Concluding summary

The net heat loss from the ocean to the atmosphere is expected to play a key role
in the response of the AMOC to radiative forcing and is an attractive proxy for
the AMOC. All the CMIP6 models investigated show robust 40-year linear trend

reductions through the 21st century in the heat lost in the northern Atlantic between

10
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26.5°N and 70°N in ssp245 and ssp585 simulations (Fig. 4(c)). The trend over the last
40 years in the DEEP-C data has a similar linear trend (Figs. 1(a) and 4(c)). That
trend is large enough that it occurs in less than 1% of 40-year periods of statistically
stable CMIP6 pre-industrial control (piControl) simulations (Fig. 4(c)) suggesting that
it is likely to be anthropogenically forced. Following previous work [35], we show that
changes in the NUSHF from the mean piControl value between 26.5 °N and 70 °N
in historical, ssp245, ssp585 and abrupt-4xCO2 simulations are well correlated with
changes in the maximum of the AMOC at 26.5 °N (Fig. 3(a)). We also show that
in the abrupt-4xCO2 simulations, the NUSHF reduces markedly in the first year of
the simulation (Fig. 2) and note that improved correlations between the AMOC and
NUSHF's can be obtained by using averages of the NUSHF's over the preceding 10 years
[56-58]. Figure 3(b)-(d) shows that there are strong correlations between 20— to 40-
year trends in climate change simulations of the AMOC and the NUSHF averaged over
the preceding 10 years. Taken together, the above results suggest that the northern
Atlantic heat fluxes have reduced in response to increasing greenhouse gases and that
the AMOC has already begun a slow weakening trend.

Finally, our study directly targets the change in surface heat loss, because it is the
fundamental mechanism for the long-term AMOC weakening seen in climate change
projections. For this reason we claim our conclusions are more robust than those of
other recent studies that use either indirect AMOC proxies that are subject to non-
AMOC confounding factors, or direct AMOC measurements for which the timeseries is
too short to detect the long-term trend above year-to-year noise. We therefore believe
that our work adds substantially to confidence that a long-term AMOC decline has

begun, as well as robustly quantifying the recent rate of change.
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5 Methods

5.1 Data used

NUSHFs calculated directly from ERA5 and other reanalyses have been found to be
unreliable [44] and exhibit large spurious trends [69, 70]. The methodology used by
DEEP-C (Diagnosing Earth’s Energy Pathways in the Climate system) is dedicated
to providing more reliable estimates. The DEEP-C version 5.1 data used in this study
[53, 71, 72] is derived from reconstructions of the net radiation at the top of the
atmosphere calculated using measurements from the ERBE (Earth Radiation Budget
Experiment) and CERES (Clouds and the Earth’s Radiant Energy System) satellites,
and calculations of the mass-corrected, vertically-integrated, horizontal atmospheric
energy flux divergence and rate of change of the atmospheric heat content derived using
atmospheric reanalysis data with the techniques described in [44] and [73]. Although
atmospheric energy transports from reanalysis products are used in this energy budget
approach, these depend upon realistic temperature and moisture gradients and wind
fields which are well constrained in the reanalysis products. This provides an obser-
vationally constrained estimate in contrast with the surface fluxes calculated within
and obtained directly from the reanalyses which are based on short-term model fore-
casts using inherently uncertain parameterizations and are not directly constrained
by observations. Evaluations of the accuracy of these fluxes, [44, 49] and Supp. Fig.
S1 in [45], show that the DEEP-C estimates are more reliable than previous products
(including those obtained directly from the reanalyses).

The CMIP6 data used were downloaded from the Earth System Grid Federation
(ESGF) and are summarised in Table A1l. With the exception of CMCC, data from
at least one model for each of the contributing institutes were used providing both
NUSHF and AMOC data from 300 years of the piControl simulation were available. For
each model we used up to five ensemble members from the historical simulations and

just one simulation from the piControl, ssp245, ssp585 and abrupt-4xCO2 simulations.
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The annual means are calculated from January to December. FESOM model data were
not used because we were unable to obtain its NUSHFs on a structured grid. CMCC
data were not used in the plots shown. This choice has an impact on the piControl
distribution in Fig. 4 (see discussion of Fig. 4 below) but little impact on any of the
other figures.

The net upward surface heat flux (NUSHF) is equal but opposite to the heat
flux downward at the surface (hfds) generated by CMIP6 simulations and denoted by
NSHF in [74, 75].

The RAPID measurements were downloaded from the official website.

5.2 Data processing

The linear regression trends in all the figures are simple (equally weighted) least square

fits to the timeseries of the form
yi = ati + b+ e, (1)
where t; is the time of the ith of the N values y; in the timeseries.

Assuming the residuals, e;, are uncorrelated, the standard error, o7, in the ordinary

least square estimate of the slope, 137 is given by

2(3):L 2 L_le? (2)

t representing the mean value of the ¢; [76]. The standard error when the residuals

(D) = ou by 7. Q

may be correlated is

13
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where Nqg is the effective number of degrees of freedom in the residuals. Neg, can be

estimated [77] using

N—k
N Zi:l €iCitk

sk T e o @

Ner () > ic1 €

Defining Neg(0) = N, the error estimates on the timeseries in Figs. 1 and Al are set
using the minimum value of Neg(K) for 0 < K < 19 and 0 < K <9, respectively. This
choice deliberately errs on the side of caution (making the confidence interval wider
than it could be). The slopes are displayed as b+ ¢; where ¢; is the 95% confidence
interval,

C; = oeffSt(O.975, Neﬂ‘ - 2)7 (5)

S: being the Student t-test distribution (approximately equal to 1.96 when Neg is
large).
The stippling in the maps in Fig. 1 is calculated using the same formulae except

that

. 1—p1
Ny = N min |1, , 6
o = N 1,172 ()

the expression involving p; being appropriate for a first order autoregressive process
[78]. This choice again deliberately errs on the side of caution. Points are stippled
when the magnitude of the NUSHF is larger than c;.

The least square fits to the abrupt_4xCO4 simulations of the form y = A exp(—ct)+
B in Fig. 2 were found by normalising the input timeseries and using the Leven-
berg-Marquardt (LM) method by calling curve_fit from scipy.optimize.

The differences from the piControl values in Fig. 3(a) correlate much better than
the total values and the correlations for individual models are also good (not shown).
Subtracting the piControl time-mean values rather than 5-year mean piControl values
also strengthened the correlations shown in Fig. 3(a). The high correlation in Fig.

3(a) also partly depends on the improvement to the fit for the first 10-20 years of the
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AMOC in the abrupt-4xCO2 simulations obtained using the preceding 10-year average
of the NUSHF (not shown). The much stronger correlation in panel (a) of Fig. 3 than
the other panels can be interpreted from the nature of the change from the piControl
value used in panel (a). Each change is an estimate of the time-integral of the trend
from the start of the simulation. So Fig. 3(a) can be interpreted as being calculated
from trends over many periods, some of the periods being much longer than 40 years
and some of the abrupt-4xCO2 changes being relatively large. The correlations are
calculated for periods in simulations when radiative forcing is likely to be driving
AMOC changes. Weaker correlations might be obtained in periods when greenhouse
gas forcing has equilibrated.

The distribution of linear trends in the simulations presented in Fig. 4 used all
the models listed in Table A1l other than that of CMCC, equally weighted for the
time-periods we succeeded in downloading. For a period of N-years, the trends were
calculated at N/2 year intervals ( e.g. for 20-year trends they were calculated from
years 0 to 20, 10 to 30, 20 to 40 etc.). The resulting distribution is slightly smoother
but not qualitatively different from calculations at N-year intervals. The mean and
95% confidence intervals for the DEEP-C trends are calculated assuming the trends
are independent estimates following the approach of [79].

The AMOC in the CMCC piControl simulation has large amplitude oscillations
with a period of about 100 years. These oscillations are closely related to large vari-
ations in the sea-ice cover in the Labrador Sea and are similar to those investigated
by [80] who concluded that they only occur in models whose piControl simulations
have unrealistically large time-mean sea-ice extents in the Labrador Sea. The AMOC
at both 26.5°N and 40 °N in the CMCC piControl has linear trends over the first 500
years of simulation which are almost four times larger in magnitude than those in any

of the other models and a very large Top of Atmosphere (TOA) flux imbalance. For
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these three reasons we have not included the CMCC simulations in the calculation of
any of the figures.

We obtained similar results to those in Figs. 1-4 using 40 °N instead of 26.5 °N
for the southern boundary and/or 60 °N instead of 70 °N for the northern boundary.
Investigations of the heat budget showed that the meridional heat flux through 60 °N
and its fluctuations are substantially greater than those through 70 °N; so 70 °N
is a better choice than 60 °N for this study. Good closure of the heat budget was
obtained using the area indicated by the blue boxes in Fig. 1. The correlation between
the NUSHF and the rate of change of heat content for this area is very strong for
annual means and very weak for 10-year means. Conversely the correlation between
the NUSHF and the heat flux through 26.5°N is very weak for annual means and very

strong for 10-year means.

5.3 Sense check on regression line slopes

The slope of the regression lines in Fig. 3 can be estimated from the difference in

potential temperature of the water flowing northward and southward:

-N

Va = cp AT’ (™)

Here V) is the volume transport of the AMOC (units kgs™'), N is the NUSHF, Cp
is the heat capacity of sea-water, 4 x 103Jkg 'K~1, and AT is the average difference
in potential temperature of the water flowing north and south. A change in potential
temperature of —12.5K gives a regression slope —(c,AT)~! = 2 x 10 %kgJ ™! = 20

Sv/PW similar to that calculated in Fig 3.
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Fig. 1 (a - d): Timeseries and fields inferred from heat budget calculations using the DEEP-C
method. (a, b): Geographical maps of the net upward surface heat flux (NUSHF) trends (Wm™2per
decade) for the period 1985 — 2023 calculated using the DEEP-C method with (a) ERA5 and (b)
JRAS55 reanalysis data. Stippling indicates where the magnitude of the NUSHF trend is larger than
its 95% confidence interval (see Methods). (c, d): Timeseries of the area integrals of the NUSHF into
the ocean calculated using DEEP-C products based on ERA5 (blue), JRA55 (orange) and MERRA2
(green) reanalyses for (c) the northern Atlantic area, shown as blue boxes in panels (a), (b), and (d)
the global domain. The dashed lines are best fit linear regressions and the numbers are the gradients
of these lines and their 95% confidence interval in PW per decade. (e - h) are the same as (a - d)
except that (e - h) are calculated using NUSHF's obtained directly from the reanalyses.
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Fig. 2 (a, b): Annual mean timeseries (full lines) from the first 100 years of three abrupt_4xCO2
simulations; (a) the AMOC at 26.5 °N and (b) the area integral of NUSHF from 26.5 °N to 70 °N.
The dashed lines are least square fits of the form y(t) = Aexp(—ct) + B where ¢ is time and A, B
and c are allowed to vary. (c, d): The values of A (orange), B (green) and A + B = y(t = 0) (blue)
from the least square fits, and the time-means (black circles) and +1 standard deviation error bars
from the first 500 years of the piControl simulations.
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Fig. 3 Scatter plots calculated from a wide range of CMIP6 model simulations of climate change
using timeseries of annual mean AMOC at 26.5 °N (y-axis) and timeseries of NUSHF for 26.5 ° to
70°N averaged over the preceding 10 years (z-axis): (a) differences of 5-year means of these timeseries
from their time-mean piControl values; (b) 20-year, (c¢) 30-year and (d) 40-year trends calculated
using best fit linear regressions. The units of the slopes, s, are Sv/PW, and those of the standard
deviation of the residual to the fit, o, are the same as the y-axis. The number of historical simulations
used for each model is indicated in brackets.
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Fig. 4 Histograms showing the distributions in four types of CMIP6 simulations of (a, b) 20-year
and (c, d) 40-year linear trends in (a, c) the area integral from 26.5 °N to 70.0 °N of NUSHF (PW
per decade) and (b, d) the AMOC (Sv per decade) at 26.5 °N. The linear trends are calculated by
least square linear regression fits to annual mean data. (e) 30-year trends in the mean of the NUSHF
from the preceding 10 years for the same area integral as (a). Individual DEEP-C trends are plotted
as asterisks and mean DEEP-C trends and their 95% confidence intervals as red points and bars,
respectively. The three 20-year periods for the DEEP-C data are offset in the vertical (the earliest
period is lowest) for both the individual values and the means and confidence intervals. The DEEP-
C trends for the AMOC are calculated using the average slope, 19 Sv/PW, from Fig. 3. The faint
vertical lines show the bins used to calculate the histograms.
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dashed lines are least square linear regression fits to the full lines and their slopes and 95% confidence

2005 2010 2015 2020
year

=== DEEP-C annual means

intervals with matching colours are in Sv per decade.
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2005 2010 2015 2020
year

=== DEEP-C 10-year lagged means
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