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Abstract The northern Atlantic south of Greenland and Iceland is the only part of the world which has
cooled significantly since the 19th Century both in the atmosphere and ocean. The oceanic cooling is widely
assumed to be a result of reduced ocean heat transport into this region. However, some studies have suggested it
could be due to increased net heat loss at the sea surface. Here we use observation-based reanalysis data of ocean
heat content and surface flux changes in this region to show that the observed cooling trend cannot be explained
by surface heat flux changes, and that multidecadal heat content variations are generally larger and more tightly
correlated with ocean heat transport than with surface heat flux variability.

Plain Language Summary A region of the northern Atlantic—sometimes called the “cold blob”~has
cooled since the 19th Century while the rest of the world has warmed. It is particularly the ocean which has
cooled there. Scientists have been discussing whether this is because ocean currents bring less heat into this
region, or because more heat is being lost through the sea surface there. An analysis of temperature data sets
based on measurements show it is the former—changing ocean heat transport—which dominates heat content
changes in the “cold blob.” This is of concern because a further weakening of Atlantic heat transport in future
climate change could lead to serious impacts on climate and weather conditions in Europe and other parts of the
world.

1. Introduction

One of the most remarkable features of climate change since the 19th Century is this: while otherwise surface
temperature of the entire planet has been warming, a region in the subpolar North Atlantic has not only defied this
warming trend but has significantly cooled. This region (shown in Figure 1) is located to the south of Greenland
and Iceland and to the west of the British Isles, and it has been dubbed the Atlantic “warming hole” or “cold blob.”
This pattern is also seen in surface air temperature trends, see for example figure TS.3 of the IPCC 6th Assessment
report (IPCC, 2021).

(Dima & Lohmann, 2010) analyzed patterns of SST variability since 1870 using the empirical orthogonal
function method and found that the northern Atlantic cooling is part of a pattern anticorrelated with the South
Atlantic. They concluded that this pattern is linked to Atlantic meridional overturning circulation (AMOC)
variations, and that the AMOC has been weakening since the 1930s. That is plausible, since the “cold blob”
region is where the AMOC delivers its heat and passes it to the atmosphere, and much of this heat is drawn from
the South Atlantic and transported northward across the equator (Trenberth & Fasullo, 2017). In fact, that is the
main reason why the Northern Hemisphere is 1°-2°C warmer than the Southern Hemisphere (Feulner
et al., 2013).

Subsequently, (Drijfhout et al., 2012) analyzed temperature trend patterns in observations and historic-forcing
simulations of CMIP5 climate models. Using bivariate regression, they demonstrate that the warming hole is
associated with the AMOC. This result was supported by (Caesar et al., 2018), who find a strong correlation of
AMOC weakening with the cold blob temperature in future global warming simulations of CMIPS models.
Several further studies have likewise concluded that the “cold blob” is of anthropogenic origin (Chemke
et al., 2020) and due to AMOC slowdown (Lee et al., 2026; K. Y. Li and Liu, 2025).
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Figure 1. Sea-surface temperature linear trend (°C) from 1880 to 2025, NASA GISTEMP data (Lenssen et al., 2024). Gray
areas indicate missing data. Interactive map generated at https://data.giss.nasa.gov/gistemp/maps/ on 14.1.2026.

Other studies have used observed sea surface salinity changes (Zhu & Liu, 2020) or various types of paleoclimatic
proxy data (Caesar et al., 2021; Rahmstorf et al., 2015) to conclude that the AMOC has slowed down since
preindustrial time, or further indications of a weakening over more recent decades (Bil6 et al., 2024; Michel
et al., 2025; Pontes & Menviel, 2024; Ren, Li, et al., 2025, Ren, Xie, et al., 2025; Zhu et al., 2023). A further
weakening of the AMOC could have major repercussions for future climate for millennia, given that the AMOC is
known to have a tipping point beyond which it is likely to shut down, as reviewed in (Rahmstorf, 2024).

Note that the linkage of the “cold blob” to the AMOC refers to the longer-term, multi-decadal evolution. This
connection is stronger in the winter half of the year (Caesar et al., 2018) and is expected to involve a time lag of a
few years (Caesar et al., 2022). Shorter-term SST variability is likely dominated by weather and thus surface
forcing (Fox et al., 2022). That is expected particularly in summer when a shallow and warm surface mixed layer
develops, which is more susceptible to surface forcing than to horizontal ocean heat transport. A striking example
of this was the summer 2023 with record-breaking sea-surface temperatures in the North Atlantic including in the
“cold blob” region, as an exceptionally shallow surface mixed layer—in some areas only 10 m deep—heated up in
the summer sun (England et al., 2025). The “cold blob” subsequently reappeared after deep winter mixing.

Nevertheless, it has been proposed based on modeling that at least a part of the long-term cooling trend in the
subpolar Atlantic could be due to surface forcing (Fan et al., 2023; He et al., 2022; L. Li et al., 2021). However,
climate models disagree on the cause of the “cold blob” (Fan et al., 2024), so that an analysis of observational data
is needed. Here, we present such a data analysis to examine the causes of the “cold blob” further.

2. Results

The normalized SST trends in the Atlantic since 1993 from the Copernicus satellite data are shown in Figure 2.
The cold blob is clearly visible also for this time period where high resolution satellite data are available. In
addition, we see a strip of strong warming along the American coast north of Cape Hatteras, a feature known to be
an “AMOC fingerprint” dynamically linked to an AMOC weakening via a northward shift of the Gulf Stream
(Zhang, 2008). Such a shift is also suggested by the below-average warming to the south of the strong warming
strip, with some blue patches.

Another important diagnostic is the heat content change in the water column (Cheng et al., 2022). While the global
ocean has generally accumulated heat at a rate of the order of 1 W/m? during this period, the cold blob region has
lost heat (Figure 3). It is thus clear that the cold blob is not merely a surface layer phenomenon. The heat content
trend during 1955-2024 over this region is —4.9 + 2.8 x 10'' W, or on average —0.15 + 0.09 W/m?.

To analyze the role of surface fluxes we use the ERAS reanalysis data, which combine data and model physics by
way of data assimilation as used in weather forecasting. They thus provide the most comprehensive available data
set following actual weather systems with hourly output and 31 km horizontal resolution (Hersbach et al., 2020).
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Figure 2. Local sea surface temperature trend divided by the global SST trend for 1993—-2021. This normalization is useful for
comparing different time intervals and for removing the average global warming trend. Data source: (Copernicus Climate
Change Service, 2023).

With surface heat flux we mean the net flux from all contributions: shortwave and longwave radiative fluxes,
sensible and latent heat fluxes (positive is downward into the ocean).

Figure 4 maps the trends in SST and in surface heat flux through the ocean surface since 1955 (the period covered
by quality reanalysis data) and 1993 (the satellite data period).

The ERAS SST trend shows similar features as the satellite SST trend (Figure 2), including the cold blob and the
warm strip along the American coast north of Cape Hatteras, here shown without normalization; hence the orange
background shows the general global warming trend.

o v
L ! : I\ m?

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Figure 3. Trend of ocean heat content in W/m? in the full-depth water column for 1955-2024, the interval over which these
data are considered sufficiently reliable (Cheng et al., 2024). Non-significant trends (90% level) are indicated by stippling.
Note that even no trend in the “cold blob” region would be highly relevant when almost the whole globe is warming.
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Figure 4. Trend in sea surface temperature over 1955-2022 and 1993-2022 (top panels), and trend in surface ocean heat flux over the same periods (bottom), all from
ERAS reanalysis (Hersbach et al., 2020). The contour shows the “cold blob region” as used in the subsequent figures; its exact location depends somewhat on time
period but does not affect the results. The contour encircles the region without significant SST warming during 1955-2022 (90% level). While the key feature here is
lack of warming, the center of the “cold blob” has cooled significantly.

To explain a cooling trend in the cold blob region by surface heat loss while the AMOC is steady, this heat loss
would need to increase to outcompete the AMOC's heat supply. The opposite is seen in the ERAS data: surface
heat loss has in fact decreased (since 1993 significantly, since 1955 slightly) over the cold blob. The latter is to be
expected when the AMOC supplies less heat to the region and thus less is released to the atmosphere.

It must be mentioned that reanalysis data for surface fluxes have substantial uncertainties, since unlike SST these
fluxes are not measured but modeled using bulk formulas based on atmospheric parameters like differences
between air and skin temperature, air and surface humidity, and wind speeds. We have therefore repeated the
analysis with the US NCEP/NCAR reanalysis (Kalnay et al., 1996) as well as the Japanese JRA-3Q reanalysis
(Kosaka et al., 2024) products, both available from 1955. The flux time series over the “cold blob” for all three
reanalysis products are shown in Figure S1. They deviate mainly after 2015; the ERAS reanalysis used here is
very close to the average of all three.

The same argument as for the “cold blob”—with reversed sign—applies to the warm part of the AMOC fingerprint
along the American coast. Such a warming could in principle result from decreasing heat loss at the surface—but
the data show the opposite trend, namely increasing heat loss. This is to be expected if the Gulf Stream has shifted
north and brings more heat to this area.

ARGO data show that the Gulf Stream has in fact shifted north since 2001 (Todd & Ren, 2023). That time interval
largely overlaps with the period of direct AMOC observations starting in 2004, in which the AMOC has decreased
(McCarthy et al., 2025). That is consistent with the mentioned dynamic link between a weakening AMOC and a
northward shift of the Gulf Stream (Zhang, 2008).

The availability of full-depth ocean reanalysis data further allows us to perform a heat-budget analysis for the
“cold blob” region. For this purpose, we focus on the ’cold blob’ region shown in Figure 4, where the water
column has been losing heat since 1955. Consider the heat budget of the ocean volume under this area:

dHC/dt = OHT + SHF,
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‘ Ocea‘n heat come‘m rate of Ch;nge SHF = heat gain from the ocean surface. From the heat content and surface
sl Surface heat flux anomaly ] flux data, we can thus calculate ocean heat transport as a residual as
Implied ocean heat transport anomaly
2t 1 OHT = dHC/dt — SHF.
8
%- r /\/~ / ] Figure 5 shows the multidecadal time evolution of these three metrics.
3
3“:5 0 / A The time-averaged surface heat loss from this area and the corresponding
£ /\/ heat transport into the area are around 0.121 Petawatt (in equilibrium, with
-r 1 dHC/dt = 0, these two would balance). The multidecadal variability in OHC
ol | cannot be explained by surface heat flux variability and this implies that OHT
changes are the main driver of the multidecadal OHC variability. The mul-
‘ tidecadal changes of heat content are coherent and largest over the top

1960 1970 1980 1990 2000 2010 2020
Year

Figure 5. Heat content change, surface heat flux anomaly and implied heat
transport anomaly (all given in Watt). The data are 10-year running averages
over monthly data to highlight the decadal and longer time scale. To obtain
absolute heat loss and transport subtract 1.21 x 10'* W, which is the average
heat loss over the full data period. Data sources: heat content IAPv4 (Cheng
et al., 2024), surface heat loss ERA5 (Hersbach et al., 2020).

~1,000 m of the water column, which coincides with the thickness of the
northward flowing AMOC layer. The anomalies appear to penetrate down
from there over a 10-year time scale; below 2,500 m depth we see very little
change (Figure 6).

The heat content changes are generally larger and more tightly correlated with
ocean heat transport than the surface heat loss variations. This is physically
expected, since any transport changes affect heat content directly, while they
affect surface heat loss only indirectly with delay after the sea surface has

warmed. It is also clear that phases of heat content increase (e.g., the one peaking in year 2000) coincide with
phases of anomalously large surface heat loss, so that the surface heat flux does not drive heat content change, but
rather responds to surface warming. This is a robust result across different reanalysis products despite the sub-
stantial uncertainty in reconstructed surface fluxes. The qualitative time evolution of ocean heat transport and heat

content change corresponds to the 30-year AMOC reconstruction by (Worthington et al., 2021) based on hy-
drographic data: low in the 1980s, rising to a peak around 2000, declining until 2010 and then recovering. A
similar evolution is found in long-term paleoclimate reconstructions based on sediment data (Caesar et al., 2022).
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Figure 6. Temperature anomalies in the cold blob region of Figure 4 as function of depth and time. Data source: (Cheng

et al., 2024).
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For the period since 1955, neither of these three curves show a statistically significant trend given the large
multidecadal variability. The exact numbers should in any case be treated with caution given their uncertainty,
and such a trend calculation would be the trend of the trend for ocean heat content, that is the second derivative,
and thus not very robust. The lack of statistical significance over this time period is consistent with the “AMOC
index” of (Caesar et al., 2018): this also does not show a statistically significant downward trend from 1955
onwards; the statistical significance of that index essentially derives from it starting in 1870 and the reconstructed
AMOC being stronger in the first half of the data series than in the second. In the presence of multidecadal
variations, long data series are needed to establish significant trends, and hence a limitation of our study is the lack
of below-surface data going back further in time.

3. Conclusions

The subpolar Atlantic is the only region of the world ocean which has been cooling significantly (Cheng
etal., 2024; IPCC, 2021). Our analysis of this “cold blob” and of ERAS reanalysis data strongly suggest that this is
not just a surface phenomenon but a deep-reaching loss of ocean heat content, and that it cannot be explained by
increasing surface heat loss but requires declining or weakened lateral heat transport. Surface heat loss appears to
respond as a negative feedback to heat content changes: periods of increasing heat content coincide with periods
of large surface heat loss. Thus from observational data, we reach the same conclusion as (K. Y. Li and Liu, 2025)
did based on the analysis of model results.

Of course, we cannot rule out some contribution to surface heat loss for example from increasing cold winds
linked to the positive phase of the North Atlantic Oscillation (Fan et al., 2023). However, to evaluate such a
contribution, it is critical to include the effect of changing heat content and lateral heat transport, as these terms
show even larger multidecadal variations than the surface flux. Also, the variations in North Atlantic Oscillation
may be a delayed response to AMOC variations (Haarsma & Drijfhout, 2025).

Our analysis supports the interpretation of the observed “cold blob” as a sign of a weakening AMOC, which is a
major component of the lateral heat transport into that subpolar gyre region. A contribution from increasing lateral
heat transport out of the subpolar gyre toward the Nordic Seas has also been suggested (Keil, 2020), and both may
well be dynamically linked (Roewer et al., 2026).

There is substantial evidence for a weakening AMOC independent of the “cold blob.” On long time scales this
includes paleoclimatic proxy data suggesting the AMOC is at its weakest in a millennium (Caesar et al., 2021,
2022). Also, salinity in the “cold blob” region is at its lowest in 120 years of data, consistent with reduced AMOC
salt transport from the subtropical net-evaporation region (Holliday et al., 2020).

On shorter time scales this includes a robust observed weakening of the Gulf Stream over the past 4 decades
(Piecuch & Beal, 2023), consistent in magnitude with the 15% AMOC weakening inferred from the subpolar SST
data (Caesar et al., 2018), and an ocean density reduction in the subpolar gyre since 1950 which “is suggestive of a
long-term AMOC weakening of 2.2 Sv or 13%” (Chafik et al., 2022).

Global warming scenarios of the current climate model generation CMIP6 tend to show an AMOC weakening
starting only late in the 20th Century (McCarthy & Caesar, 2023), later than the “cold blob” history suggests. This
could be related to radiative forcing issues (aerosol forcing, (Robson et al., 2022)), a generally too stable AMOC
in models (in the monostable rather than bistable regime (Arumi-Planas et al., 2024)), or the neglect of increasing
Greenland meltwater influx (Pontes & Menviel, 2024).

Given the well-established existence of a tipping point of the AMOC, as well as recent studies finding a range of
different “early warning signals” of the ocean circulation approaching such a tipping point (Boers, 2021;
Ditlevsen & Ditlevsen, 2023; Michel et al., 2022; van Westen et al., 2024), the strong evidence for a weakening
AMOC is a serious concern for society and policy. While large uncertainty remains over how close the Earth is to
this tipping point, standard CMIP6 simulations of future global warming scenarios suggest it is crossed in a
substantial subset of these model simulations around the middle of this century (Drijfhout et al., 2025; van Westen
et al., 2025). From a risk management perspective (Rahmstorf & Zickfeld, 2005), this risk requires urgent
attention by policy makers.
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