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Abstract The land–sea thermal contrast is one of the original drivers of the Earth's climate system and has
undergone significant changes in the recent period. However, the seasonality and geographic profile of these
changes remain unclear. Here, we reveal an anthropogenic‐forced seasonal change in the land–sea thermal
contrast by analyzing the evolution of its temperature annual cycle (TACL–S). We find a significant reduction in
TACL–S in the northern mid‐latitudes, dominated by stronger winter land warming, alongside an increase in the
northern high latitudes, dominated by stronger winter sea warming, during 1941–2014. In particular, these
anthropogenic changes are projected to intensify in 2015–2100, with an additional emergence of TACL–S
increases dominated by summer land warming in the southern mid‐latitudes. Thus, a future tripolar pattern of
TACL–S heralds novel land–sea climate regimes with far‐reaching climatic impacts.

Plain Language Summary The land–sea thermal contrast constitutes an important energy source for
numerous large‐scale atmospheric circulations. While previous studies on the changing land–sea thermal
contrast generally focus on single seasons, we here reveal shifts in the land–sea contrast in temperature annual
cycle (TAC) amplitude driven by human activity. We find that the land–sea TAC amplitude difference has
increased in northern high latitudes but reduced in northern mid‐latitudes during the historical period. Future
projections suggest that, except for the further intensification of the increased/reduced TAC in the northern
high‐/mid‐latitudes, a significant increase of land–sea TAC amplitude would emerge in the southern mid‐
latitudes. Our results indicate a human‐induced reshaping of land–sea thermal contrast characterized as the
zonal TAC increase or reduction.

1. Introduction
Global climate, particularly near‐surface air temperatures (SAT), has undergone substantial changes since
industrialization (Calvin et al., 2023). Among these variations, changes in the magnitude of the temperature
annual cycle (TAC) have far‐reaching implications for human society and the biosphere. Changes in the TAC
influence hydropower production, energy demand, raw material availability, and agricultural practices, and also
shape the distribution, abundance, and seasonal activities of animals and plants (Cohen et al., 2018; Kwiecien
et al., 2022; Parmesan & Yohe, 2003; Root et al., 2005; Santer et al., 2022). Land–sea thermal contrasts drive
large‐scale atmosphere circulation systems and profoundly influence the global climate system (Wu et al., 2012).
However, these contrasts have been reported to change in a seasonally asymmetric manner, increasing in summer
and decreasing in winter (He et al., 2018; Yao et al., 2019) in most regions. This seasonal asymmetry is
accompanied by uneven seasonal changes in SAT, leading to a significant shift in the TAC amplitude with a
widespread weakening over land (Deng & Fu, 2023; Duan et al., 2019; Hu et al., 2022; Stine et al., 2009) and an
amplification over oceans (Liu et al., 2024; Shi et al., 2024). Despite this, the seasonal sources and underlying
causes of such asymmetry remain incompletely understood.

In addition to seasonal asymmetry, the spatial distribution of these changes is highly heterogeneous. Across
China's coastal zone, for instance, the land–sea thermal contrasts decreased with the decrease in latitude both in
summer and winter (Yao et al., 2019). Additionally, in the Far East, summer land–sea thermal contrasts are
observed to increase markedly compared to surrounding regions (Kamae et al., 2014). Similarly, in the northern
mid‐latitudes, stronger decrease/increase in TAC amplitude over land/sea compared to lower latitudes also
occurred (Duan et al., 2019; Liu et al., 2024). Despite the observed seasonal and spatial variations, the extent to
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which land–sea thermal contrasts contribute to changes in the land–sea TAC amplitude (TACL–S) remains poorly
understood, especially, as human activities are widely regarded as the dominant driver of many aspects of climate
change (Seneviratne et al., 2016), while it is still uncertain whether anthropogenic forcing contributes to the
changes in TACL–S.

In this study, we combine observations and global climate model (GCM) simulations derived from the Coupled
Model Intercomparison Project Phase 6 (CMIP6; Eyring et al., 2016) to address the evolution of TACL–S by
analyzing the spatiotemporal dynamics of TACL–S changes throughout the historical (1851–2014) and future
(2015–2100) periods at the global scale. Our objectives are to (a) reveal the spatial pattern and seasonal origins of
the changing TACL–S in the historical periods, (b) detect and quantify anthropogenic contributions in the
changing TACL–S, and (c) project the future trends in TACL–S. Our study provides a new insight into how the
spatiotemporal heterogeneity of SAT changes and anthropogenic forcing shape climate variability and long‐term
change.

2. Data and Methods
2.1. Observed and Reanalyzed Data

Observed monthly mean surface temperature data sets, including the Met Office Hadley Centre/Climatic
Research Unit global surface temperature data set (HadCRUT5, version 5.1.0.0; 5° × 5°; Morice et al., 2021) and
the Berkeley Earth Surface Temperature data set (Berkeley Earth; 1° × 1°; Rohde &Hausfather, 2020), were used
to map global TAC amplitude back to 1850. HadCRUT5 here refers to the infilled analysis variant with improved
spatial completeness. Both data sets are blended land near‐surface air temperature (SAT) and sea‐surface tem-
perature (SST) anomaly and extend back to 1850. Monthly mean surface temperature reanalyses from the Eu-
ropean Centre for Medium‐RangeWeather Forecasts Reanalysis v5 (ERA5; 1940–2025, 0.25° × 0.25°; Hersbach
et al., 2020) were also used in this study. To explore TACL–S evolution, HadCRUT5 (best consistency with other
data sets; Table S1 in Supporting Information S1) and ERA5 (longest reanalysis coverage) were used. All data
sets in this study are re‐gridded onto a 5° × 5° grid through a bilinear interpolation to ensure a uniform spatial
resolution. Changes in spatial resolution and interpolation methods do not affect the main conclusions of this
study (Figure S1 in Supporting Information S1). Anomalies for these data sets, including model simulations, are
calculated consistently relative to the 1971–2000 climatology.

2.2. Climate Model Simulations

Seven CMIP6 models (Table S2 in Supporting Information S1) that provide required experiments—historical
(ALL), hist‐aer (anthropogenic aerosols only forcing, AA), hist‐GHG (greenhouse gas only forcing, GHG),
hist‐nat (natural only forcing, NAT), and piControl (pre‐industrial control forcing)—with at least three ensemble
members for each experiment (excluding piControl, with only one member) are used. The hist‐aer GISS‐E2‐1‐G
output (1940–1970) shows clear inconsistencies and is deemed unreasonable; thus, this study uses 18 hist‐aer
members from six models. The anthropogenic forced component (ANT) is assessed by the difference between
ALL and NAT simulations. To reduce internal variability and ensure equal weighting for each model, three
realizations in each experiment of CMIP6 models (except piControl) are used in the detection and attribution
analysis.

Outputs of shared socioeconomic pathway scenario simulations, including SSP1‐2.6, SSP2‐4.5, SSP3‐7.0, and
SSP5‐8.5 from 27 ensemble members of 9 models (Table S2 in Supporting Information S1) are used in future
projections. SSP2‐4.5, SSP3‐7.0, and SSP5‐8.5 represent medium and high radiative forcing by the end of the 21st
century, while SSP1‐2.6 provides a sustainable pathway (Eyring et al., 2016).

3. Results
3.1. Global Profile of Land–Sea TAC Amplitude

To overcome period‐dependent trends, the two longest observation data sets, HadCRUT5 and Berkeley Earth
data, spanning from 1850 to 2014, are used to calculate the TAC amplitude (defined as the mean SAT from June to
August of the current year minus the mean SAT from December of the previous year to February of the current
year in the Northern Hemisphere, with seasons reversed in the Southern Hemisphere; Text S1 in Supporting
Information S1) and to reveal the long‐term global pattern of changes in TACL–S (Figure 1). TAC amplitude is
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generally larger over land than sea, with the greatest TACL–S in the northern mid‐to‐high latitudes and weak
values in the low latitudes (30°N–30°S; Figures S2a–S2f in Supporting Information S1). Correspondingly, TAC
amplitude trends display a pronounced meridional gradient over both land and sea (Figures 1a and 1b). Trends in
TAC amplitude are weak in the low latitudes, while the northern mid‐latitudes (30°N–60°N) exhibit a strong
decline over land (approximately − 0.07°C/10 yr) and a slight decrease over sea (approximately − 0.012°C/10 yr;
Figures 1f and 1g). In the northern high latitudes, the significant decrease in TAC amplitude occurs both over land
(approximately − 0.085°C/10 yr) and sea (approximately − 0.063°C/10 yr) regions.

Consequently, the trend in TACL–S also shows a distinct meridional profile (Figures 1f and 1g). The largest
reduction of TACL–S is observed between 30°N and 60°N (approximately − 0.056°C/10 yr). The low latitudes and
the southern mid‐latitudes (30°S–60°S) show a weak trend (less than 0.025°C/10 yr in two data sets).

The ALL‐forced multi‐model ensemble mean (MME) captures large‐scale spatial changes (r = 0.70; Table S1 in
Supporting Information S1), including the dominant land TAC amplitude decline, the northern mid‐latitude
TACL–S reduction, and weak low latitudes changes (Figures 1f–1h). A model–observation discrepancy caused
by the SST–SAT difference occurs over northern high‐latitude seas, most pronounced in winter and negligible in
summer, due to sea ice effects on air–sea energy exchange (Figures S3a–S3f in Supporting Information S1).
Meanwhile, observed TAC changes include both internal variability and external forcing induced components,
while the ALL‐forced MME isolates the forced component (Chen et al., 2019); thus, small‐scale discrepancies
reflect internal variability, and large‐scale agreement indicates a forced response. Consistently, the spatial pattern

Figure 1. The global profile of trends in the temperature annual cycle (TAC) amplitude anomaly over the longest common interval (i.e., 1851–2014) of observations (a,
b) with simulations in ALL (c), NAT (d) and ANT (e) based on the ensemble mean (MME) of GCMs from CMIP6. (f–j), Trends in the zonal mean of TAC amplitude
over sea (blue), land (green), and the TACL–S (yellow) based on HadCRUT5 (f), Berkeley Earth (g), ALL (h), NAT (i) and ANT (j). The shaded areas and the solid/
dashed line in panels (f–j) indicate the 5%–95% uncertainty ranges of the trend in the zonal mean of TAC amplitude anomaly, and the trend is significant/non‐significant
at a level of 0.05, respectively. Stippling in panels (a–e) means the trend in TAC amplitude in the period 1851–2014 is significant at the level of 0.05.
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in ANT closely matches ALL (r = 0.99, p < 0.05), while NAT shows negligible trends in TAC amplitude and
TACL–S (Figures 1d and 1i), indicating that these changes in TAC in ALL are not due to natural forcing.

3.2. Meridionally Divergent Trends in the Land–Sea TAC Amplitude

Based on the distinct meridional divergences of the TACL–S (Figures 1f–1h and 2g), we conduct further analysis
of trends in the regionally averaged TACL–S on the northern high latitudes, the northern mid‐latitudes and the
southern mid‐latitudes with multiple data sets during their reliable periods. Given discrepancies in TAC
amplitude trends between Berkeley Earth and HadCRUT5 data sets in the northern high latitudes and southern
mid‐latitudes caused by limited data coverage (Figures 1f and 1g), the well‐validated ERA5 (Figures S4a and S4c
in Supporting Information S1) data set with complete grid coverage is also included in the further analyses. In the
sea regions of the northern high latitude, considering SAT rather than SST is more reasonable for conducting the
TACL–S analysis (detailed descriptions in Text S2 in Supporting Information S1), our analysis mainly relies on
ERA5 since 1941 (Figure 2a). Reliable northern mid‐latitude TACL–S estimates are available back to 1901 in
HadCRUT5 (Figures S5b and S5e in Supporting Information S1) and to 1941 in ERA5, with strong agreement
during 1941–2014 (Figure 2b). Similarly, for the southern mid‐latitudes, the analysis is performed using ERA5
(1941–2014) and HadCRUT5 (1981–2014; Figure S5f in Supporting Information S1). Despite the shorter
overlap, the two data sets show strong agreement in TACL–S, enabling reliable long‐term assessment.

TACL–S trends show distinct latitudinal contrasts during 1941–2014 (Figures 2a–2c): significant decreases in the
northern mid‐latitudes (− 0.118°C/10 yr in ERA5; − 0.104°C/10 yr in HadCRUT5), a marked increase in the
northern high latitudes (0.378°C/10 yr in ERA5), and a weak change in the southern mid‐latitudes (0.017°C/10 yr
in ERA5), showing good agreement with other observational data sets (Figure S6 in Supporting Information S1).
Simulated TACL–S ranges basically coincide with observed variability and trends across all three latitude bands,

Figure 2. Zonally averaged TACL–S and the timescale‐dependent signal‐to‐noise ratios (SNR). Panels (a–c), TACL–S
anomaly derived from HadCRUT5 (black solid line), ERA5 (blue solid line), and ALL (red solid line) in the northern high
latitudes (a), northern mid‐latitudes (b), and southern mid‐latitudes (c). Panels (d–f), SNR of TACL–S based on HadCRUT5,
ERA5, and ALL in the northern high latitudes (d), northern mid‐latitudes (e), and southern mid‐latitudes (f). The dashed line
in panels (d, e, f) indicates the threshold for signal emergence. (g) The zonal mean trend of TACL–S anomaly derived from
HadCRUT5, ERA5, and ALL in the periods 1901–2014 and 1941–2014. The solid/dashed line indicates the trend is
significant/non‐significant at a level of 0.05. The light red shading in panels (a–c) indicates the 5%–95% range of TACL–S
anomaly among individual simulations. Numbers with different colors in panels (a–c) denote the linear trends (°C/10 yr) of
TACL–S anomaly in the period 1901–2014/1941–2014 driven by different data sets, and the asterisk indicates the trend is
significant at the level of 0.05.
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though trends are weaker in the northern regions and stronger in the southern regions. The most pronounced
changes occur in the northern high latitudes, as shown both in ERA5 and the ALL‐forced MME (Figure 2g).
Consistent significant decreases in TACL–S during both 1901–2014 and 1941–2014 reflect a robust long‐term
trend in the northern mid‐latitudes.

Timescale‐dependent SNR analysis (Santer et al., 2011; Text S3 in Supporting Information S1) shows that robust
TACL–S signals have emerged (SNR > 1.96) in the northern mid‐ and high latitudes, but not in the southern mid‐
latitudes (Figures 2d–2f). Meanwhile, the SNR was always detected earlier and stronger in observations/rean-
alysis than in ALL‐forced MME, likely due to weaker simulated trends, except in the southern mid‐latitudes.

3.3. Quantitative Attribution for the Changed Land–Sea TAC

Detection and attribution (D&A) analyses based on HadCRUT5 in one‐, two‐, and three‐signal cases for the
reduced TACL–S in the northern mid‐latitudes (1901–2014) reveal a clear distinction between ALL and NAT
signals (Figure 3; Text S4 in Supporting Information S1). In the one‐signal case, although simulations under-
estimate the observed TACL–S reduction, the undetectable (the signal is detectable when the 90% confidence

Figure 3. Results of D&A analyses for TACL–S trends in the 30°–60°N during 1901–2014. (a) Scaling factors and the 90% confidence interval derived from one‐signal
(left), two‐signal (middle), and three‐signal (right) analyses. (b) The attributable contributions to different forcings (colored bar) with the 90% confidence interval (black
bars) for the one‐signal (left), two‐signal (middle) and three‐signal (right) case. (c) Non‐overlapping 10‐year‐averaged series of TACL–S anomaly derived from
observations and simulations driven by different forcings with the 5%–95% range among individual simulations. Numbers with different colors in panel (c) denote the
linear trends (°C/10 yr) of 10‐year‐averaged TACL–S anomaly, and the asterisk indicates the trend is significant at the level of 0.05.
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interval of the scaling factor is above zero) NAT signal is clearly separated from ALL, GHG, AA, and ANT
(Figure 3a). Consistently, the attributable (90% confidence interval of the scaling factor is above zero and includes
1) ANT and undetectable NAT occur in the two‐signal D&A analysis. In the three‐signal case, the AA is
attributable, the GHG is detectable with an underestimation, and NAT remains undetectable. Seasonal D&A
analyses based on land–sea SAT difference (SATL–S) show that AA contributes only to summer SATL–S, while
GHG drives both summer and winter SATL–S changes (Figure S7 in Supporting Information S1). Thus,
anthropogenic forcing—mainly GHG year‐round and AA in summer—has driven the significant TACL–S decline
in northern mid‐latitudes since 1901.

The observed 10‐year‐averaged TACL–S trends (− 0.078°C/10 yr) closely match ANT (− 0.085°C/10 yr;
Figure 3b), with NAT exerting only a slight offset. ALL and ANT show nearly identical contributions (− 0.085°C/
10 yr), consistent with the similar spatial and meridional patterns in observations, ALL, and ANT (Figure 1). In
one‐signal analysis, AA and GHG reduce TACL–S by − 0.04 and − 0.06°C/10 yr, respectively, while in the three‐
signal case the AA effect weakens to − 0.031°C/10 yr, suggesting an AA–GHG interaction (Ribes & Ter-
ray, 2013). Non‐overlapping 10‐year‐averaged trend driven by different forcings further confirms the result
(Figure 3c).

3.4. Projected TACL–S Throughout the 21st Century

Future projections under the constrained SSP2‐4.5 scenario (Text S5 in Supporting Information S1) indicate an
intensified divergence in land–sea TAC amplitude difference (Figure 4). The constrained MME shows strong
spatial consistency with the reference data and yields consistent TACL–S decline/increase across different
reference periods and constraint methods (Figures S4a–S4f in Supporting Information S1). A tripolar pattern
intensifying with the increasing emission of greenhouse gases (Figures S8a–S8c in Supporting Information S1)
emerges during 2015–2100, with TACL–S increasing in the northern high and southern mid‐latitudes but
decreasing in the northern mid‐latitudes. In the northern high latitudes, projected TACL–S trends exceed twice the
historical rate under SSP2‐4.5 and more than 2.5 times under SSP3‐7.0/SSP5‐8.5, while even SSP1‐2.6 shows an
approximately 1.3‐fold increase, implying an irreversible shift linked to sea‐ice loss (Figure S8 in Supporting
Information S1). The TACL–S in the northern mid‐latitudes continues to decline, though heterogeneous land TAC
trends partly offset this (Figures S9c–S9e in Supporting Information S1). Specifically, land regions in 180°W–
75°E and 30°–50°N (NHM2) show a strong TAC amplitude increase during 2015–2100, consistent with adjacent
seas, while other northern mid‐latitudes regions (NHM1) remain dominated by land decreases (Figure 4b). TACL–
S remains stable in the northern low latitudes, but shows a slight future decline in the southern low latitudes
(Figure 4g). In contrast, despite a weak historical signal, the southern mid‐latitudes exhibit a pronounced future
increase, exceeding that of the northern mid‐latitudes.

Projected TAC amplitude trends under SSP2‐4.5 driven by different forcings confirm the dominant role of
anthropogenic forcing (Figure S10 in Supporting Information S1). ANT and GHG produce trends comparable to
ALL, while NAT shows negligible influence. The opposite AA–GHG effects occurred in 1941–2014 over the
Northern Hemisphere disappear in future projections, likely due to declining aerosol concentrations (Samset
et al., 2025). Thus, future TAC amplitude and TACL–S changes remain tightly tied to human activity, especially
GHGs.

4. Discussion
Changes in TACL–S stem from divergent land–sea TAC trends and heterogeneous seasonal SATL–S trends. While
changes in land–sea thermal contrast and their climatic impacts have been widely reported (Endo et al., 2018; Jin
et al., 2020; Kitoh & Endo, 2025; Portal et al., 2022), most previous studies have focused on specific seasons or
regions. Here, based on the distinct latitudinal SATL–S trends features (Figure S10 in Supporting Information S1),
we analyze origins of the changing TACL–S through seasonal variations across latitude zones.

Positive SATL–S trends occur in both summer and winter across all three latitude bands, except for northern high‐
latitude winters (Figure S10 in Supporting Information S1), reflecting stronger land warming than sea due to heat
capacity contrasts and land's higher GHG sensitivity (Sutton et al., 2007). In the northern high latitudes, winter
decreases and summer increases in SATL–S jointly drive a pronounced TACL–S rise, consistent with ANT‐ and
GHG‐driven simulations. The winter decline is inferred to be mainly caused by GHG‐driven sea ice loss, which
exposes open water and accelerates sea warming relative to land (Chen et al., 2019; Dai et al., 2019). This sea ice–
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driven seasonal asymmetry persists in both historical and future periods and remains significant even under SSP1‐
2.6 (Figures S8a, S8g, and S11a in Supporting Information S1).

Typically, in the northern mid‐latitudes, previous studies have reported that the winter land–sea SAT contrast has
decreased while the summer contrast has increased (Wu et al., 2022), with a larger change in winter (i.e., a
stronger increase in winter SATL–S) (He et al., 2018). This is consistent with our results driven by the ANT‐forced
MME (Figure S10b in Supporting Information S1). This seasonal contrast is mainly attributed to (a) slower winter
sea warming than summer due to the deeper winter mixed layer with larger heat capacity (Jo et al., 2022),
amplifying summer warming under GHG forcing—a mechanism more evident in the future; and (b) stronger
winter land warming may contributed by GHG‐induced Arctic amplification (Chen et al., 2019; Dai et al., 2019;
Hu et al., 2022) in poleward of 50°N (Figure S9c in Supporting Information S1), important in both historical and
future periods. Combined, enhanced summer warming over the sea and intensified winter warming over land

Figure 4. Projected global TACL–S in the future (2015–2100) and the comparisons of their historical (1941–2014) changes with observations. (a–c) Zonally averaged
TACL–S anomaly over 60°–90°N (a), 30°–60°N (b), 30°–60°S (c) based on ERA5, HadCRUT5, historical simulations, and the constrained SSP2‐4.5 scenarios.
(d) Zonal mean trend of TACL–S anomaly driven by historical ALL‐forced MME and by SSP2‐4.5. The solid/dashed line indicates a significant/non‐significant trend at
the level of 0.05. Numbers with different colors in panels (a–c) denote the linear trends (°C/10 yr) of TACL–S in the historical period (left) and future (right). The asterisk
denotes significance at the 0.05 level, and the vertical dashed line in panels (a–c) marks 2014.
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yield a larger winter SATL–S increase, thereby contributing to a decline in TACL–S (Figure S11b in Supporting
Information S1).

In the southern mid‐latitudes, stronger summer than winter land warming (0.130 vs. 0.037°C/10 yr) drives a
marked future TACL–S increase (Figure S10c in Supporting Information S1). This amplification also appears in
NHM2, marked by a stronger relative humidity (RH) decline and a weaker specific humidity (q) increase in
annual‐cycle amplitude (defined here as the difference between summer and winter) than adjacent land regions
(Figures S12f and S12i in Supporting Information S1). Rising q strengthens the greenhouse effect, while
declining RH reduces cloud cover and increases shortwave radiation (Tang et al., 2024), both contributing to
surface warming. In NHM2, stronger RH decreases over land than sea occur in both seasons (Figures S12g and
S12h in Supporting Information S1), partly enhancing SATL–S. Beyond this contrast, summer land warming
exceeds winter due to stronger insolation amplifying cloud reduction and water‐vapor feedback. Simulations
consistently show reduced RH and increased TAC and q amplitudes (Figures S12c, S12f, and S12i in Supporting
Information S1). Slower growth of q relative to temperature‐driven saturation specific humidity (Clausius–
Clapeyron relation) in these regions drives a stronger RH decrease, thereby enhancing TAC amplitude.

All changes are primarily associated with ANT, especially the GHG (Figures S10 and S11 in Supporting In-
formation S1). GHG‐induced warming drives sea‐ice loss in northern high latitudes and increases water vapor
over NHM2 and southern mid‐latitudes land regions throughout the analysis period. In contrast, AA caused
summer cooling and reduced TAC amplitude in northern mid‐to‐high latitudes historically (Duan et al., 2019), but
this effect weakens in future projections with aerosol decline, leaving enhanced GHG and additional summer
warming from aerosol abatement (Deng & Fu, 2023; Samset et al., 2018). Consequently, GHG drives continued
TACL–S decline in northern mid‐latitudes, with partly offset by aerosol abatement, while both forcings increase
TACL–S in northern high latitudes. Such human‐induced meridionally asymmetric changes in TACL–S suggest
latitude‐dependent shifts in land–sea thermal interaction and possible modifications to monsoons and horizontal
wind shear. The potential impacts on agriculture and ecosystems, and the implications for mitigation and
adaptation, also warrant further consideration.

5. Conclusions
Based on analyses of multiple data sets, we show that anthropogenic forcings are reshaping the seasonal land–sea
temperature rhythm into a tripolar pattern: increasing TACL–S in the northern high and southern mid‐latitudes,
and decreasing TACL–S in the northern mid‐latitudes. Increases in the northern high latitudes stem from a stronger
winter sea warming. In the southern mid‐latitudes, which showed minimal historical change, the projected
pronounced future increase is induced by a stronger summer land warming. In contrast, the northern mid‐latitudes
exhibit a sustained decline in TACL–S stemming from stronger winter land warming and summer sea warming,
although there is a spatial heterogeneity over land. This tripolar pattern is expected to intensify with continued
greenhouse gas emissions.

Changes in land–sea TAC amplitude contrast closely follow changing land–sea thermal contrast, which
strengthens in summer across all latitude bands and in winter at northern high latitudes, but weakens in winter at
mid‐latitudes in both hemispheres throughout history and projections. For example, in the northern mid‐latitudes,
land–sea thermal contrast strengthens in summer but weakens in winter, potentially intensifying summer cir-
culation and precipitation while weakening them in winter. These findings highlight the growing need for further
research on the climate impact brought by the changing TACL–S and suggest that a reduction in greenhouse gas
emissions may help mitigate the amplifying TACL–S.
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All data sets used in this study are publicly available, including the ERA5 (Hersbach et al., 2020) reanalysis data
from the European Centre for Medium‐Range Weather Forecasts (ECMWF): https://cds.climate.copernicus.eu/
datasets/reanalysis‐era5‐single‐levels‐monthly‐means?tab=overview; Berkeley Earth temperature (Rohde &

Geophysical Research Letters 10.1029/2025GL119736

WANG ET AL. 8 of 10

 19448007, 2025, 24, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025G

L
119736 by Z

hongshan U
niversity, W

iley O
nline L

ibrary on [16/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://cds.climate.copernicus.eu/datasets/reanalysis-era5-single-levels-monthly-means?tab=overview
https://cds.climate.copernicus.eu/datasets/reanalysis-era5-single-levels-monthly-means?tab=overview


Hausfather, 2020): https://berkeleyearth.org/data/; HadCRUT.5.1.0.0 blended land air temperature and sea‐
surface temperature anomaly data set (Morice et al., 2021): https://crudata.uea.ac.uk/cru/data/temperature/;
Model simulation from Coupled Model Intercomparison Project Phase 6 (CMIP6; Eyring et al., 2016): https://ai
ms2.llnl.gov/search/cmip6/.
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