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Trends 1958 to 2023



Models fail to match trends ending in recent decades
Observations and Models
• 14 CMIP6 Large Ensembles
• 5 observational datasets (HadiSST, COBE, COBE2, 

Kaplan, ERSSTv5)
• All trends of 20 years or longer between 1870 and 2023

Results

• Gradient strengthening predominates, especially in 
recent years

• Hatched - observed trends within the 5-95% of model 
trends

• All models fail to capture all 30-yr and longer trends that 
end in the last 10 years

Possible causes of wrong model response to GHGs:
Double ITCZ-cold tongue mean state bias (Seager et al. 2019)
Vertical ocean mixing of heat (Jiang, Seager, Cane 2024a,b, 2025a,b)
Misrepresenting Southern Ocean driving (Kang, Dong …)
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Fig. 3. Historical trends (1981 to 2020) in SST from (A) observations, (B) HighResMIP simulations, and (C) CMIP6 historical simulations; and in tropical cyclone
track density from (D) observations, (E) HighResMIP coupled historical simulations, (F ) CHAZ, downscaling the same CMIP6 models as in (C), and (G) HighResMIP
atmosphere-only simulations using observed SST up to 2014 and observed SST blended with CMIP5 RCP8.5 SST from 2015 to 2020. The units are similar to
Fig. 1 but over 40 y.

more LaNiña-like state,with an increased zonal SST gradient
(9, 10, 26, 27). This is illustrated in Fig. 3, which shows
maps of the historical (1981 to 2020) trends in SST from
(A) one observational dataset, (B) HighResMIP, and (C) the
CMIP6 multimodel mean. The La Niña-like strengthening
of the zonal SST gradient is apparent in the observations.
In the coupled models, the SST trend structure is closer
to El Niño than La Niña, with greater warming in the
east than west on the equator particularly in CMIP6; in
HighResMIP, the southeast Pacific cooling edges closer to
the equator, yielding a pattern somewhere between those
in the observations and CMIP6. Also shown in Fig. 3 are
TC track density trends for 1981 to 2020 from (D) historical
observations, (E) the same coupled HighResMIP models as
shown above, using historical runs from 1981 to 2014 and
the SSP5-8.5 runs from 2015 to 2020; (F ) CHAZ, downscaling
historical CMIP6 simulations from 1981 to 2014 and then
the SSP2-4.5 runs from 2015 to 2020; and (G) uncoupled,
atmosphere-only HighResMIP runs forced with observed
SST from 1981 to 2014 and with observed SST variability
blended with the climate change signal from CMIP5 RCP8.5
models from 2015 to 2020.

Evidence for the importance of getting the SST right
comes from uncoupled experiments, where the actual
observed SST is prescribed. Fig. 3G shows that the pattern of
more Atlantic and less Pacific TC activity (as in observations)
can be broadly reproduced given the SST. This leads us to
interpret di�erences in track density between the coupled
HighResMIP simulations and observations as due primarily
to the di�erences in SST and associated large-scale climate,
rather than to biases in the models’ simulations of TCs for
a given climate. That said, there are areas of agreement
between the coupled and uncoupled HighResMIP simula-
tions (Fig. 3 E and G), such as North Atlantic increases
and decreases east of the Philippines, both of which are
in agreement with observations. Further analysis will be
needed to determine to what extent these are explainable
in terms of SST changes (which for this purpose may not

be adequately represented by the degree to which they
resemble El Niño or La Niña events, e.g., o�-equatorial
anomalies are particularly important for TCs). Simulations
with CHAZ forced by historical reanalysis datasets show
that the model produces ENSO composites that compare
reasonably well to observations, but trends for this period
that are highly sensitive to which reanalysis dataset is used,
as well as the exact period used to calculate the trend.
Nonetheless, the impression we obtain from these figures
is that our models overall do not successfully simulate the
SST trends of the last 40 y well, that this is likely to cause
substantial errors in TC trends produced by any TC model
that responds to the tropical Pacific state in away consistent
with historical observations, and that the presence of similar
biases in future SST projections should cast doubt on future
TC projections.

Potential Causes of the Projected SST Trends

While it is possible that the observed trend in equatorial
Pacific SST is largely “noise” resulting from internal ocean-
atmosphere dynamics, observational errors, or both, recent
research provides compelling evidence that it is, in fact,
radiatively forced, meaning that the ESMs are wrong in
this respect. If it were entirely internal variability—and
assuming that variability as well as mean state trends were
realistically captured by the models—we would expect that
some realizations from the large multimodel ensemble
would resemble the observations. Following ref. 9, Fig. 4
addresses this in detail. Fig. 4 A and B show observed and
modeled SST trends over a longer historical period than in
Fig. 3, providing a sense of the sensitivity of the trend to
the period chosen. The La Niña-like trend is still present in
observations (but not models), though the relative cooling
is much more confined about the equator. Fig. 4 C and D
quantify the degree of resemblance using two indices of the
tropical Pacific state, one that measures the east–west SST
gradient and one that measures the north–south gradient,
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Fig. 3. Historical trends (1981 to 2020) in SST from (A) observations, (B) HighResMIP simulations, and (C) CMIP6 historical simulations; and in tropical cyclone
track density from (D) observations, (E) HighResMIP coupled historical simulations, (F ) CHAZ, downscaling the same CMIP6 models as in (C), and (G) HighResMIP
atmosphere-only simulations using observed SST up to 2014 and observed SST blended with CMIP5 RCP8.5 SST from 2015 to 2020. The units are similar to
Fig. 1 but over 40 y.

more LaNiña-like state,with an increased zonal SST gradient
(9, 10, 26, 27). This is illustrated in Fig. 3, which shows
maps of the historical (1981 to 2020) trends in SST from
(A) one observational dataset, (B) HighResMIP, and (C) the
CMIP6 multimodel mean. The La Niña-like strengthening
of the zonal SST gradient is apparent in the observations.
In the coupled models, the SST trend structure is closer
to El Niño than La Niña, with greater warming in the
east than west on the equator particularly in CMIP6; in
HighResMIP, the southeast Pacific cooling edges closer to
the equator, yielding a pattern somewhere between those
in the observations and CMIP6. Also shown in Fig. 3 are
TC track density trends for 1981 to 2020 from (D) historical
observations, (E) the same coupled HighResMIP models as
shown above, using historical runs from 1981 to 2014 and
the SSP5-8.5 runs from 2015 to 2020; (F ) CHAZ, downscaling
historical CMIP6 simulations from 1981 to 2014 and then
the SSP2-4.5 runs from 2015 to 2020; and (G) uncoupled,
atmosphere-only HighResMIP runs forced with observed
SST from 1981 to 2014 and with observed SST variability
blended with the climate change signal from CMIP5 RCP8.5
models from 2015 to 2020.

Evidence for the importance of getting the SST right
comes from uncoupled experiments, where the actual
observed SST is prescribed. Fig. 3G shows that the pattern of
more Atlantic and less Pacific TC activity (as in observations)
can be broadly reproduced given the SST. This leads us to
interpret di�erences in track density between the coupled
HighResMIP simulations and observations as due primarily
to the di�erences in SST and associated large-scale climate,
rather than to biases in the models’ simulations of TCs for
a given climate. That said, there are areas of agreement
between the coupled and uncoupled HighResMIP simula-
tions (Fig. 3 E and G), such as North Atlantic increases
and decreases east of the Philippines, both of which are
in agreement with observations. Further analysis will be
needed to determine to what extent these are explainable
in terms of SST changes (which for this purpose may not

be adequately represented by the degree to which they
resemble El Niño or La Niña events, e.g., o�-equatorial
anomalies are particularly important for TCs). Simulations
with CHAZ forced by historical reanalysis datasets show
that the model produces ENSO composites that compare
reasonably well to observations, but trends for this period
that are highly sensitive to which reanalysis dataset is used,
as well as the exact period used to calculate the trend.
Nonetheless, the impression we obtain from these figures
is that our models overall do not successfully simulate the
SST trends of the last 40 y well, that this is likely to cause
substantial errors in TC trends produced by any TC model
that responds to the tropical Pacific state in away consistent
with historical observations, and that the presence of similar
biases in future SST projections should cast doubt on future
TC projections.

Potential Causes of the Projected SST Trends

While it is possible that the observed trend in equatorial
Pacific SST is largely “noise” resulting from internal ocean-
atmosphere dynamics, observational errors, or both, recent
research provides compelling evidence that it is, in fact,
radiatively forced, meaning that the ESMs are wrong in
this respect. If it were entirely internal variability—and
assuming that variability as well as mean state trends were
realistically captured by the models—we would expect that
some realizations from the large multimodel ensemble
would resemble the observations. Following ref. 9, Fig. 4
addresses this in detail. Fig. 4 A and B show observed and
modeled SST trends over a longer historical period than in
Fig. 3, providing a sense of the sensitivity of the trend to
the period chosen. The La Niña-like trend is still present in
observations (but not models), though the relative cooling
is much more confined about the equator. Fig. 4 C and D
quantify the degree of resemblance using two indices of the
tropical Pacific state, one that measures the east–west SST
gradient and one that measures the north–south gradient,
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observed models

wrong SST - wrong tropical cyclones trend 

ensemble members even reaching the 1979–2021 average level of
moisture. However, human-induced drying of soils in summer is
also apparent in the next decade. The grand-ensemble summer
soil moisture anomalies are shown at the bottom of Fig. 7. With

the CMIP6 SST trend forcing 75% of ensemble members are drier
than the historical average and with Hadley SST trend forcing
between 75 and 95% are drier. Some of this is due to a human-
induced decline in precipitation (Fig. 7) which is greater with the

Fig. 6 Best and worst cases for future cool season precipitation. Colors are for precipitation (mm/day) and contours for 200h Pa heights with
area-weighted global mean removed (m). The top row shows the case with CMIP6-based SST trend and, in the left column, the best case of a
positive PDO and negative AMO (a, d); the middle column, the worst case of a negative PDO and positive AMO (b, e) and, in the right column,
the worst case minus best case (c, f). The second row is as for the top row but with the case of Hadley-based SST trend. The third row (g–i)
shows the grand ensemble mean, which averages across all modes of SST variability to isolate the SST-trend and radiatively forced response
for, left, the CMIP6-based and, center, the Hadley-based SST trend and, right the Hadley minus CMIP6 difference. The bottom row (j–l) is as for
the third row but averages across only the neutral PDO and AMO ensemble.
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Precip difference 2031-40: SW drier
extrapolated observed - CMIP6 SST

East Africa has been drying cos 
of Indian-Pacific SST trends.
Models miss this - and predict 
future wetting.


