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Abstract Global warming has altered the timing of seasonal onset, yet the relative roles of long-term mean
warming and changes in the annual cycle (AC) remain unclear. Using observational data sets and CMIP6
simulations, here we quantify how long-term warming and the AC contribute to changes in seasonal onset
across Northern Hemisphere midlatitudes during 1950-2014. While long-term warming drives a widespread
advance of summer onset, regional, and latitudinal contrasts arise primarily from AC variations. In North
America and northern Asia, these cycle changes offset the warming-induced advance and contribute at
magnitudes comparable to long-term warming, highlighting their critical role in shaping regional climate
responses. Based on single-forcing experiments and a simplified surface energy balance model, we further show
that greenhouse gases enhance damping and reduce effective heat capacity, advancing the AC phase, whereas
aerosol forcing increases effective heat capacity and weakens damping, thereby delaying summer onset.

Plain Language Summary Climate change is making summers start earlier, but natural seasonal
cycles can delay this shift in some regions. Using climate models, we found that while long-term warming
pushes summers to arrive sooner overall, the phase changes in the annual cycle (AC) slow this effect in regions
such as North America and North Asia. Aerosols and greenhouse gases also change these natural cycles,
creating stronger regional differences. In many areas, AC influences summer timing as much as long-term
warming does. We also show how basic atmospheric processes help explain why greenhouse gases and aerosols
affect seasons differently.

1. Introduction

The seasonal cycle constitutes a primary mode of natural variability within the atmospheric system, exerting
profound influences on biological rhythms (Cleland et al., 2007; Horton et al., 2020), agricultural productivity
(Matiu et al., 2017; T. Park et al., 2016), and human health (Ryan et al., 2019). Many studies have demonstrated
that plant phenology (Buermann et al., 2018; Reyes-Fox et al., 2014; Steltzer & Post, 2009) and bird migration
(Both et al., 2006; Horton et al., 2020) are highly sensitive to changes in the timing and structure of the seasonal
cycle. For instance, an earlier spring onset across the midlatitudes has been associated with longer growing
seasons, with implications for ecosystem dynamics (M. D. Schwartz et al., 2006), and carbon cycling (Keeling
et al., 1996) as well as allergenic pollen exposure (Anenberg et al., 2017).

The dominant manifestation of the seasonal cycle varies across climate regimes. In the tropics, it is expressed
primarily through the annual cycle (AC) of precipitation (Lv et al., 2024; F. Song et al., 2020, 2023). Over the
midlatitudes, the temperature seasonal cycle is more pronounced and plays a central role in shaping both
ecological responses and large-scale atmospheric processes. For example, the modulation of the temperature
seasonal cycle can have far-reaching climatic impacts, influencing atmospheric eddy activity, storm tracks, and
heatwave frequency (Garcia-Herrera et al.,, 2010). Given its wide-ranging implications, much attention has

GAN ET AL.

1of 11


https://orcid.org/0000-0001-7467-3919
https://orcid.org/0000-0002-9988-5747
https://orcid.org/0000-0002-8692-7856
https://orcid.org/0000-0001-8530-2451
mailto:hkm@mail.iap.ac.cn
mailto:hg@mail.iap.ac.cn
https://doi.org/10.1029/2025GL120126
https://doi.org/10.1029/2025GL120126
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2025GL120126&domain=pdf&date_stamp=2026-02-17

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2025GL120126

focused on the characteristics, variability, and long-term changes in seasonal cycle (Duan et al., 2019; Jo
et al., 2022; Liu et al., 2024; Santer et al., 2018, 2022; Shi et al., 2024; Yang et al., 2025).

Under ongoing global warming, both the phase and amplitude of the temperature seasonal cycle have experienced
pronounced changes. Previous studies have documented the advancement of spring and summer onsets (Donohoe
et al., 2020; Palus et al., 2005; Pefia-Ortiz et al., 2015; Sparks & Menzel, 2002; Stine et al., 2009) and the delay of
autumn and winter onsets across various regions (Christidis et al., 2007; Menzel, 2000). Multimodel attribution
studies identify greenhouse gas (GHG) warming as the dominant driver of these changes (Lin & Wang, 2023; B.-
J. Park et al., 2018; J. Wang et al., 2021). Consistently, single-forcing simulations from the Coupled Model
Intercomparison Project Phase 5 (CMIPS) and Phase 6 (CMIP6) attribute the lengthening of boreal summer and
earlier summer onset in the Northern Hemisphere (NH) primarily to GHG-induced warming (B.-J. Park
et al., 2018; J. Wang et al., 2021).

At the same time, emerging evidence suggests that changes in the structure of the seasonal temperature cycle may
also influence seasonal onset. Variations in the phase and amplitude of the AC are increasingly documented
(Chiang et al., 2022; Dwyer et al., 2012; Liu et al., 2020; Qian & Zhang, 2015; Timmermann et al., 2004; Wu
et al., 2008; Yang & Wu, 2024) and are regarded as critical factors influencing changes in the timing of seasonal
onset (Menzel, 2000). For example, Qian et al. (2011) showed that shifts in the phase of the AC account for
approximately 40%-60% of the observed trend in spring onset in northeastern China. Moreover, Deng
et al. (2023) decomposed near-surface temperature into a long-term trend, the AC, and the semiannual cycle
(SAC), and demonstrated that the AC and SAC components can exert opposing influences on seasonal onset over
China. These results imply that changes in the structure of the temperature seasonal cycle may modulate seasonal
transitions. However, existing evidence remains largely confined to regional scales, and the broader hemispheric
relevance of this mechanism has not yet been assessed.

These results indicate that observed shifts in seasonal onset may arise from both long-term mean warming and
changes in the structure of the seasonal cycle. Although long-term mean warming and changes in the AC are both
recognized as important contributors, their respective roles have not been quantitatively separated, and the in-
fluence of anthropogenic forcing on each component remains poorly understood. Here we quantify the relative
contributions of long-term warming and the AC to summer onset changes across NH midlatitudes during 1950—
2014. Using observational data sets and CMIP6 DAMIP single-forcing simulations, we demonstrate how GHGs
and aerosols exert opposing influences on AC, shaping regional contrasts in summer onset. Based on a simplified
surface energy balance model, we show how variations in atmospheric damping and thermal inertia explain the
differing seasonal responses to GHGs and aerosols. Our findings highlight that changes in the AC, acting as an
indirect response to anthropogenic warming, can partially offset the effects of long-term mean warming,
reshaping regional patterns of seasonal onset.

2. Materials and Methods
2.1. Observations, Reanalysis Data, and CMIP6 Data

Our analysis uses daily mean temperature from two data sets: Berkeley Earth Surface Temperature (BEST) for
1880-2022 (Rohde & Hausfather, 2020) and ERAS (1950-2024, Hersbach et al., 2020), with a focus on the years
1950-2014. Results primarily use Berkeley data, with other data sets shown in Figures S3 and S4 in Supporting
Information S1. Using nine CMIP6 models (Gillett et al., 2016), we examine the role of external forcings in
seasonal-onset changes. Historical simulations include combined natural and anthropogenic forcings, while hist-
nat, hist-GHG, and hist-aer simulations isolate natural, GHG, and aerosol (AER) effects. Model details are in
Table S1 in Supporting Information S1.

2.2. Definitions of Season Onsets

Following previous studies (Christidis et al., 2007; B.-J. Park et al., 2018; J. Wang et al., 2021), we define the
onset of the four seasons using local temperature thresholds. At each grid point, we smooth daily temperature with
a fifth-degree polynomial fit to suppress day-to-day variability and identify onset dates (Deng et al., 2023;
B.-J. Park et al., 2018; J. Wang et al., 2021). Robustness is assessed using a seventh-degree fit (Figures S11 and
S12 in Supporting Information S1).
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We define seasons using temperature thresholds: summer starts when daily temperatures exceed the 75th
percentile (1950-2014 average), and winter begins when they drop below the 25th percentile. Autumn starts when
temperatures first fall below the 75th percentile after summer, while spring begins when they rise above the 25th
percentile after winter. 29 February is excluded. This study focuses on summer, with autumn/winter/spring results
in Supporting Information S1.

2.3. Definition of Contributions From Annual Cycle and Long-Term Trend to Season Onsets

We decomposed each year's smoothed daily temperature curve based on the fifth-degree polynomial fitting into
five additive components: the AC, the SAC, a constant baseline (CB), a long-term trend (LTC), and interannual
variability (IAV). This framework provides a physically interpretable decomposition of seasonal temperature
evolution.

The AC and SAC components were extracted by applying a Fourier transform to each year's smoothed seasonal
cycle, isolating the annual and semiannual harmonics following Stine et al. (2009):

l 36 2mikn
a=——> e%x'(n) (1)
3654

where x’(n) is the smoothed temperature at day n, and £ = 1 and 2 correspond to the AC and SAC, respectively.
The associated harmonic component is:

Yi(n) = 2Re<aef%) 2

Accordingly, the AC and SAC are defined as Y,(n) and Y,(n), respectively.

Since the annual averages of AC and SAC are zero, we further decomposed the annual averages of the smoothed
daily temperature curve for each year (1950-2014) into: (a) CB: 1950 baseline temperature, (b) LTC: the linear
warming trend, and (c) IAV: residual IAV. The complete reconstruction is: AC + SAC + CB + LTC + IAV.
Figure S6 in Supporting Information S1 confirms this decomposition accurately reproduces the seasonal cycle,
with IAV having minimal impact on long-term trends.

To isolate the influence of each component, we constructed four composite series: (a) AC + CB, (b)
AC+ CB + SAC, (¢c) AC + CB + LTC, and (d) AC + CB + IAV. For each composite, we calculated 1950-2014
linear trends in seasonal onset dates. Differences relative to AC + CB quantify the contributions of SAC, LTC,
and IAV to onset changes.

2.4. Mechanistic Analysis of Annual Cycle Changes Using a Simplified Surface Energy Balance Model

To explore how GHG and AER forcings modulate the phase and amplitude of the annual surface temperature
cycle, we employ a simplified surface energy balance model. This approach provides a physically grounded
framework for diagnosing thermodynamic controls on seasonal variability and has been widely applied in pre-
vious studies (Dwyer et al., 2012; Hahn et al., 2022).

The model is governed by the following equation:
dT
C—=0@0—-pT 3
=00 -p ©

where C denotes the effective heat capacity of the surface—atmosphere system, 7 is the near-surface air tem-
perature, Q(z) is the net surface energy input independent of temperature (such as net shortwave radiation), and
is a linear damping coefficient that encapsulates the net energy loss.

Applying Fourier analysis to isolate the annual harmonic yields analytical expressions for the phase lag between
temperature and energy input, = ¢y — ¢, and for amplitude response of temperature to forcing:
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where ¢, is calculated from the AC of net radiation, v = 2x yr~! is the annual angular frequency. C denotes the

IT| =

effective heat capacity and f represents the bulk damping. These expressions indicate that both the phase and
amplitude of the annual temperature cycle are jointly controlled by C and f.

We estimate C and damping using a simplified surface energy balance framework. C represents the thermal inertia
of the surface—atmosphere system and is estimated independently of annual-cycle phase by fitting a linearized
time-domain energy balance to climatological annual-cycle anomalies. Following F. Song et al. (2020), the
effective damping is decomposed into top-of-atmosphere radiative damping B, diagnosed from regressions of
outgoing longwave radiation onto temperature anomalies, and surface-near-surface non-shortwave damping 4,
diagnosed from regressions of turbulent non-shortwave flux anomalies onto surface—air temperature difference
anomalies. In combination, B and A describe the radiative and turbulent contributions to the bulk effective
damping relevant to Equation 4. Full details are provided in Text S1 in Supporting Information S1.

3. Results
3.1. Observed Contributions of the Annual Cycle and Long-Term Warming to Changes in Summer Onset

We first examine the climatological mean and spatial patterns of seasonal onset across NH midlatitudes during
1950-2014 using daily mean temperatures from the BEST data set (Figure S1 in Supporting Information S1).
Summer onset occurs earlier over inland than along coasts, whereas winter onset is delayed inland, particularly
over North America (Figure S2 in Supporting Information S1).

Linear trend analyses reveal widespread advances in spring and summer onset over the NH midlatitudes during
1950-2014 (Figure S3 in Supporting Information S1), consistent with previous studies (B.-J. Park et al., 2018;
J. Wang et al., 2021), but with pronounced latitudinal and regional heterogeneity. The advances in summer onset
weaken poleward, from about 2 days per decade at 30°N to less than 1 day per decade at 60°N (Figure 1a). Strong
advances are most evident over Europe, while North America and northern Asia exhibit more modest shifts.
These spatial features are robust across ERAS and Berkeley Earth data sets (Figures S3 and S4 in Supporting
Information S1).

To illustrate how idealized changes in the seasonal temperature cycle relate to summer onset timing, Figure S5 in
Supporting Information S1 presents a conceptual schematic showing the effects of mean-state shifts, amplitude
changes, and phase shifts. In this schematic, uniform warming elevates the entire annual temperature cycle,
whereas enhanced amplitude and phase advance represent changes in seasonal contrast and the timing of the
cycle, respectively. Guided by this physical framework, we apply a decomposition of Deng et al. (2023) to
quantify the contributions of the AC and long-term trend (Figure S6 in Supporting Information S1). The long-
term warming contribution largely matches the total summer onset trend in sign and magnitude (Figures la
and 1b), but its relatively homogeneous pattern cannot explain the observed latitudinal and regional contrasts. For
example, in western North America, the observed trend shows only a weak advance in summer onset, whereas the
long-term warming component indicates a pronounced advance. Similarly, in Northeast and Northwest Asia, the
observed trends form a dipole pattern with weaker advances in the east and stronger advances in the west, while
the long-term warming component exhibits the opposite structure. Moreover, the zonal-mean trend of the long-
term warming contribution shows little latitudinal variation, averaging about 1.5 days per decade between 30°N
and 60°N (Figures la and 1b).

This discrepancy highlights the role of changes in the AC. The annual-cycle contribution to summer onset trends
(Figure 1c) offsets the warming-driven advance over North America and northern Asia. Although long-term
warming advances summer onset by about 1.5 days per decade in both regions, concurrent annual-cycle
changes delay onset by 0.57 days per decade in North America and 0.29 days per decade in northern Asia,
resulting in only modest net advances. Zonal-mean results further show that annual-cycle-induced delays increase
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Figure 1. Trends in summer onsets during 1950-2014. (a—c) Spatial patterns of linear trends in (a) total summer onset, (b) the
long-term trend component, and (c) the annual cycle component. Zonal-mean trends are shown to the right of each panel.
Stippling denotes regions with trends significant at the 5% level based on the Mann—Kendall test.

poleward of 40°N, partially compensating for the warming signal and producing the observed spatial hetero-
geneity. Thus, across NH midlatitudes, particularly over North America and central Asia, seasonal onset changes
reflect substantial modulation by the AC in addition to long-term warming. Similar interactions are found for
other seasons (Figures S7 and S8 in Supporting Information S1), and the results are robust across ERAS and
Berkeley Earth data sets (Figures S9 and S10 in Supporting Information S1).

3.2. Mechanisms Underlying Seasonal Onset Shifts: Role of Annual Cycle Phase Changes

To further understand the drivers of spatial contrasts in AC contributions, we examine the mechanisms governing
changes in the phase of the annual temperature cycle using a simplified surface energy balance framework. Within
this framework, the effective heat capacity C represents the thermal inertia of the surface—atmosphere system,
whereas the damping is represented by top-of-atmosphere radiative damping B and surface—near-surface non-
shortwave damping A.

Figure 2 shows spatial patterns of changes in C, B, and 4 between 1951-1980 and 1985-2014. Pronounced in-
creases in C occur over western North America and northern Asia, coinciding with regions of substantial phase
delays in the annual temperature cycle, whereas C tends to be lower over Europe, consistent with the observed
phase advance there. These patterns highlight the role of thermal inertia in shaping annual-cycle phase changes. A
reduction in C weakens thermal inertia, allowing surface temperature to respond more rapidly to seasonal forcing
and thereby advancing the annual-cycle phase, whereas an increase in C enhances thermal inertia and delays the
phase, leading to a later summer onset. The uneven distribution of changes in historical C can be understood
through region-specific land-atmosphere coupling processes. Specifically, the decline in heat capacity in Europe
may be related to enhanced soil moisture drying processes (Y.-N. Wang et al., 2024; Wouters et al., 2022), while
the increase in C in western North America and northern Asia may be associated with intensified permafrost
degradation (Varnajot & Makopoulou, 2025) and increased liquid water content during the snowmelt period
(Stigter et al., 2021). Phase-based inverse estimates (Figure S13 in Supporting Information S1) and an inde-
pendent estimate following S. E. Schwartz (2007), in which C is defined as the ratio of the moist static energy
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Figure 2. Physical processes for changes in annual cycle component diagnosed from ERAS. Changes during 1985-2014
relative to 1951-1980 in (a) effective heat capacity C, (b) top-of-atmosphere radiative damping B, and (c) surface—near-
surface non-shortwave damping 4.

tendency to the air-temperature tendency (Figure S14 in Supporting Information S1), yield broadly consistent
large-scale changes in C.

Changes in B and 4 are comparatively weak and spatially heterogeneous. B exhibits a modest overall reduction
(Figure 2b), while A displays mixed-sign patterns that vary across regions (Figure 2c). These damping-related
changes do not project coherently onto the large-scale spatial pattern of annual-cycle phase shifts. Instead, the
spatial structure of phase changes is more closely aligned with variations in C, underscoring the dominant role of
thermal inertia in shaping the observed regional contrasts.

3.3. Anthropogenic Forcings and Physical Mechanisms Driving Changes in the Annual Cycle

Given the critical role of the AC in modulating seasonal onset, we use CMIP6 ALL-forcing and single-forcing
experiments to assess the influence of external forcings on trends in the annual-cycle component.

A Taylor diagram analysis shows that nine selected models reproduce the climatological onset distribution well
(Figure S15 in Supporting Information S1). Under ALL forcing, the multimodel ensemble captures the observed
spatial patterns of AC trends, including pronounced summer AC anomalies over western North America and
northern Asia (Figure 3a), although the simulated amplitude is weaker than observed.

Attribution results reveal distinct regional patterns in the relative contributions of different anthropogenic forc-
ings. Single-forcing experiments further clarify the respective roles of GHG and AER. Over western North
Anmerica and northern Asia, GHG-forcing simulations exhibit AC-related summer onset trends of opposite sign to
observations (Figure 3b). In contrast, AER-forcing tends to induce summer onset delays associated with AC
changes that are broadly consistent in sign with the ALL-forcing response (Figure 3c), although the inter-model
agreement is relatively weaker. Notably, under AER-forcing, central Europe and England exhibit an earlier
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Figure 3. Anthropogenic influences on summer onset changes. (a—c) Trends in annual cycle (AC) component under (a) ALL,
(b) greenhouse gas, and (c) AER forcing. Shading represents the multimodel ensemble mean trends; dots indicate regions
where 6 out of 9 models agree on the sign of change. (d) Regional-mean trends in the AC component of summer onset (1950—
2014) over North America (45°N-70°N, 160°W-90°W), Europe (40°N-60°N, 0°E-40°E), and northern Asia (40°N-60°N,
40°E-120°E) from CMIP6 simulations under four forcings. Error bars denote 1 standard deviation from 10,000 bootstrap
resamples.
summer onset, aligning with the influence of GHG-forcing and contrasting with the response observed in most
other NH regions. Consistent with the spatial patterns, the regional-mean trends highlight the opposing influences
of AER and GHG on AC-related summer onset changes over North America and northern Asia (Figure 3d). By
contrast, over Europe, both GHG and AER forcings contribute to AC-related summer onset changes with the
same sign, consistent with the regional-mean estimates shown in Figure 3d.
Given the contrasting AC-phase responses to GHG and AER forcing, we diagnose the mechanisms using a
simplified surface energy-balance framework. Using CMIP6 single-forcing simulations, we quantify changes in
C, B, and 1 between 1951-1980 and 1985-2014 and assess their contributions to seasonal-onset shifts (Figure 4).
According to Equation 4, the phase of the annual temperature cycle is governed by the ratio of effective thermal
inertia to effective damping (vC/p). Thus, a decrease in C and/or an increase in damping (through B and 1) reduces
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Figure 4. Thermal response changes under greenhouse gas (GHG) and AER forcing. (a—c) Changes in (a) effective heat capacity C, (b) top-of-atmosphere radiative
damping B, and (c) surface—near-surface non-shortwave damping 4 for 1985-2014 relative to 1951-1980 in CMIP6 GHG-only simulations. (d—f) As in (a—c), but for
AER forcing. Stippling indicates regions where at least 6 of 9 models agree on the sign.

vC/p and advances the timing of the annual temperature maximum, whereas the opposite changes delay it. Under
GHG-forcing, changes in C and damping are consistent with Dwyer et al. (2012). At high latitudes, GHG-induced
sea ice loss enhances the role of the ocean mixed layer, increasing C, whereas soil drying at mid-to-low latitudes
reduces thermal inertia, leading to a slight decrease in C. Summer onset advances across North America, Europe,
and northern Asia (Figure 3b), accompanied by pronounced reductions in C (Figure 4a), indicating weakened
thermal inertia and a faster seasonal temperature adjustment, with a corresponding phase advance. Concurrently,
the B increases over large parts of the NH (Figure 4b), consistent with enhanced outgoing longwave radiation
under warming, which further contributes to phase advancement through strengthened effective damping.
Changes in A are more heterogeneous, but positive anomalies over North America and northern Asia (Figure 4c)
further support phase advancement in these regions.

In contrast, AER-forcing delays summer onset over North America and northern Asia (Figure 3c), together with
slight increases in C (Figure 4d) and a broad reduction in B (Figure 4e), consistent with weaker radiative damping
and a delayed phase. Changes in 4 are spatially heterogeneous, but negative anomalies over parts of northern Asia
(Figure 4f) imply reduced damping there. Aerosol-induced surface cooling suppresses evaporation and slows soil
moisture depletion, increasing C (Yu et al., 2002), whereas reduced surface shortwave radiation weakens tur-
bulence and boundary-layer mixing, reducing damping (Persad et al., 2017). Notably, over Europe and North
America after the 1980s, declining aerosol emissions tend to enhance surface warming, suggesting that the
diagnosed damping response represents an effective dynamical and radiative adjustment under aerosol forcing,
rather than a direct cooling effect. Nevertheless, the changes in damping are consistent with the delayed phase of
the annual temperature cycle under aerosol forcing. As shown by Dwyer et al. (2012), low-latitude phase changes
are primarily controlled by damping: stronger damping under GHG advances the peak, whereas weaker damping
under AER delays it. A complementary phase-based estimate further supports the inferred changes in C (Figure
S16 in Supporting Information S1).

4. Conclusions

This study investigates changes in seasonal onset across NH midlatitudes from 1950 to 2014, with a focus on the
role of the AC. By decomposing the seasonal temperature signal, we demonstrate that AC variations exert a
critical influence on summer onset. Importantly, their effects often counteract long-term warming, substantially
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offsetting the trend toward earlier summers in key midlatitude regions such as North America, Europe, and
northern Asia.

Using a simplified surface energy balance framework, we show that variations in C, together with changes in
effective damping, play a central role in controlling the phase of the AC. Regional contrasts, such as advances
over Europe and delays over northern Asia, are primarily associated with differences in effective heat capacity. In
western North America, the changes are associated with increased C, while changes in damping are compara-
tively weaker and spatially less coherent.

Using CMIP6 single-forcing simulations, we disentangle the anthropogenic drivers of these AC changes. The
results reveal that aerosol forcing induces delayed summer onset over western North America and parts of
northern Asia, accompanied by increases in C and a weakening of radiative damping. In contrast, GHG forcing
reduces C and enhances damping, jointly advancing seasonal transitions, particularly over midlatitude continental
regions.

While we decompose seasonal-onset changes into contributions from long-term mean warming and temperature
annual-cycle variations, these two components need not be fully independent in the climate system. Long-term
warming can alter boundary conditions, including sea ice, snow cover, and soil moisture, reshaping the sea-
sonal structure of the surface energy balance and thereby modifying the amplitude and phase of the temperature
AC (e.g., Stine et al., 2009). This coupling implies that the annual-cycle component isolated here may already
include part of the forced warming response. Future work using longer observational records and targeted
sensitivity experiments with idealized climate models could help constrain the mechanisms and quantify the
importance of these interactions.
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