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Abstract
The annual temperature cycle (ATC), defined as the surface temperature difference between summer and winter, plays a 
crucial role in controlling the phenology of biological systems (Sparks and Menzel in Int J Climatol 22(14):1715–25, 2002) 
and in global and regional circulation patterns (Schott and McCreary in Prog Oceanogr 51(1):1–123, 2001), (Adam et al. 
in J Clim 29(9): 3219–3230, 2016). Contrary to previous studies which report a decreasing trend in the ATC worldwide 
(Mann and Park in Geophys Res Lett 23(10):1111–4, 1996), (Wallace and Osborn in Climate Res 22(1):1–11, 2002), recent 
studies suggest an increasing ATC trend in the mid-latitude regions (Wang and Dillon in Nat Clim Chang 4(11):988–92, 
2014). Although the trend may bear anthropogenic fingerprints, the underlying mechanism remains elusive. Using 
atmospheric reanalysis data and observational records, we confirm that the increasing trend in the ATC occurred dur-
ing 1980–2020, mainly in the West North America, Mediterranean region and part of North Asia. The main driver of this 
ATC change is the faster increase in the incoming radiation on the land surface in the summer as a result of the buildup 
of water vapor and reduction in cloudiness. This increase was further amplified by continental dryness in the summer.

1  Introduction

Our understanding of global mean temperature has been extensively documented [7]. However, mean temperature 
change alone does not provide a complete picture of how the climate responds to anthropogenic influences on the 
seasonal scale. Seasonality in temperature controls pressure and circulation characteristics, such as the onset of mon-
soon [2] and the movement of the intertropical convergence zone [3]. It also strongly influences biological events such 
as flowering date, animal migration and disease infection [1, 8, 9]. These climatic, ecological and health considerations 
call for detailed characterization of changes in seasonality and drivers of these changes.

One key attribute of seasonality is its magnitude, or the annual temperature cycle (ATC), defined as the surface tem-
perature difference between the summer and the winter. Most previous studies based on observational-records reported 
a worldwide reduction of the ATC [4, 5, 10, 11]. In contrast to these earlier assessments, recent analyses of observed sur-
face air temperature and tropospheric temperature show that the ATC has been increasing in the mid-latitudes during 
the past four decades [6, 12]. At these latitudes, summer is now warming faster than winter. The mechanisms, however, 
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remain unclear. In this report, we address this debate by applying a surface energy budget analysis to the ERA5 reanalysis 
product. We find that faster buildup of water vapor and greater reduction in cloudiness in the summer months than in 
the winter, respectively, are responsible for the strengthening of the ATC during 1980–2020.

1.1 � Historical changes in the annual temperature cycle

In our analysis, the ATC is the land surface temperature difference between summer months [June, July and August 
(JJA) in the Northern Hemisphere (NH) and December, January and February (DJF) in the Southern Hemisphere (SH)] 
and winter months (DJF in NH and JJA in SH). We define Δ as the difference in a quantity between two ten-year peri-
ods. For example, the intensification of temperature seasonality in is given as ΔATC, or ATC in 2011–2020 minus ATC 
in 1980–1989. Four observational temperature datasets, along with ERA5 reanalysis product [13] were employed in 
the analysis of historical ATC changes (Fig. 1). The observational data include Berkeley temperature data [14], CRUTS-
v4 [15], GHCN-version4 [16], and CRUTEM5 [17]. All these data collected temperature records from a large number 
of ground weather stations and performed homogenization algorithm, as well as rigorous quality control, providing 
consistent high-quality temperature data over a large fraction of the global land surface. In addition, these datasets 
are widely used in the climate community, including the latest assessment report of the Inter-governmental Panel 
on Climate Change [18].

Fig. 1   Historical change in annual temperature cycle (ΔATC). Spatial map and zonal mean of ΔATC (2011–2020 minus 1980–1989) for a 
Berkeley, b CRUTS4, c GHCN, d CRUTEM5, and e ERA5 reanalysis data. f–g Domain-averaged time series for West North America (WNA, f), 
the Mediterranean (MED, g) and North Asia (NAS, h). Gray dots in a–e indicate significance at p = 0.05 level based on a two-sided student’s 
t test, which are shown every 5 columns and rows for clarity. Gray boxes in (a) mark the three selected regions. In the zonal mean plot, the 
green lines are the mean change while the shaded regions indicate standard error. In (f–h), the linear trends are shown in the right side of 
each panel in K decade−1, with 95% confidence interval being shown for each data in corresponding color. The dashed horizontal lines are 
decadal mean values of corresponding data. A 5-year moving average was applied to the time series before the trend estimation
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Positive ΔATC is found over most of the regions between 35 and 55°N in all five datasets with varying magnitudes 
(Fig. 1), with an exception in East North America showing decreasing ATC in all datasets. The zonally positive ΔATC 
is mainly contributed by three regions (gray boxes in Fig. 1a), including West North America (WNA, 125°W-100°W, 
30°N-50°N), Mediterranean (MED, 15°W-45°E, 30°N-50°N), and North Asia (NAS, 80°E-115°E, 45°N-60°N). The ΔATC in 
these regions varies from 0.72 K in MED to 0.91 K in WNA and NAS in the ERA5 dataset. Averaged over these regions, 
the linear trends range from approximately 0.20 K decade−1 in WNA and MED to over 0.4 K decade−1 in NAS, depend-
ing on datasets. All these trends are positive with statistical significance at 0.05 level (Fig. 1f–h), except for the MED 
region in the GHCN data. These pieces of evidence indicate that the positive ΔATC signal is robust and not sensitive 
to the chosen dataset.

1.2 � Surface energy budget analysis

As temperature change is mainly driven by surface radiation change, an energy budget analysis is performed to 
investigate why ATC increases in these regions (supplementary material). The subscript “cycle” here indicates the 
seasonal amplitude (summer minus winter) of a quantity. The changes in the seasonal cycle of ↓LWclear-sky (down-
ward longwave radiation under clear-sky conditions), CRE (cloud radiative effects), and LE (latent heat flux) all con-
tributed to the positive ΔATC in these regions (Fig. 2a). These three terms, in combination, contributed roughly 64% 
(WNA), 38% (MED) and 67% (NAS) to the ΔATC for the indicated regions, respectively. The ratio was estimated as the 
summation of the three terms in absolute values divided by the summation of all energy terms in absolute values.

It is well established that ↓LWclear-sky should increase in a warmer climate [19], and contributed almost equally 
by rising atmospheric temperature (Ta) and the buildup of water vapor (q) over the globe [20]. Globally, Ta increased 
by about same amount (~ 0.5 K) in winter and summer, but water vapor accumulated faster in the summer relative 
to the winter (Fig. 2b), thereby enhancing the seasonal cycle of ↓LWclear-sky. The seasonal cycle of q increased by 
0.9 kg m−2 in MED and 0.6 kg m−2 in NAS, but decreased by about 0.3 kg m−2 in WNA. The increased ↓LWclear-sky in 
WNA is therefore completely from a warmer atmosphere.

Although q increased in the summer, the rate of increase was slower than the rate of increase in saturation humid-
ity. The result is a lower relative humidity and reduced cloudiness [21, 22]. The seasonal amplitude of cloud fraction 
decreased by as much as 2.7% in WNA and 2.3% in NAS (Fig. 2c). The reduced cloudiness in the summer increases 
the downward solar radiation (manifested by positive ΔCREcycle in Fig. 2a), which enhances warming of the surface 
layer and contributes to a positive ΔATC.

The positive contribution of incoming radiation is further amplified by reduced LE in the summer, a phenomenon 
knowns as continental drying [21], in which enhanced ET in spring and early summer depletes soil moisture that 
would otherwise be available for summer months [23, 24]. Consequently, the sensible heat flux H increases but LE 
decreases in the summer. Moreover, reduced LE further reduces cloudiness and rainfall [24], which exacerbates solar 
heating and soil drying, forming a positive feedback that amplifies warming. Continental drying can be quantified 
by the difference between actual evaporation (ET) and potential evaporation PET (ET–PET). A more negative value of 
ET–PET indicates a drier climate. Specifically, (ET–PET)cycle becomes more negative in 2011–2020 relative to 1980–1989 
in all three regions of interest (Fig. 2d). The reductions span from 0.17 mm day−1 in NAS to over 0.4 mm day−1 in WNA 
and MED. Apart from these three terms, ΔnetSWclear-skycycle also contributed significantly to the positive ΔATC in 
MED (Fig. 2a), which is possibly due to the reduction in aerosol emissions in Europe since 1980s [25]. It is reminded 
that aerosols have a larger impact on incoming solar radiation during summer months when solar insolation is at 
its maximum than in the winter. In other words, when aerosol emission was reduced, more solar radiation will reach 
the surface in the summer months than in the winter.

Finally, we examined whether circulations played a role in the increase of ΔATC. It is clearly seen that the circula-
tion pattern in NAS region becomes more anticyclonic in the summer than winter (Fig. 2e). This pattern is usually 
featured with descending air, less cloud fraction, and stronger solar heating [26]. One recent study also reported 
that ocean activities in Pacific and Atlantic Oceans can excite an atmospheric wave train, leading to an anticyclonic 
pattern over this region [27]. A similar pattern is also observed over Europe. For WNA, it is in a transition position 
between cyclonic and anticyclonic conditions, in which the circulations may played a limited role.
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Fig. 2   Surface energy budget analysis and changes in the seasonal cycle of selected variables between 1980–1989 and 2011–2020 in ERA5 
data. a Contributions of seasonal cycle of each energy component to ΔATC. Error bars denote one s.e. (b-e) Spatial maps for the changes 
in the seasonal cycle of water vapor (Δqcycle) (b), cloud fraction (c), ET deficit (d), defined as (ET-PET), and circulations (color shades for geo-
potential height at 500 hPa and vectors for winds at 850 hPa) (e). Gray dots in (b–d) indicate significance at p = 0.05 level based on a two-
sided student’s t test, which are shown every 5 rows and columns for clarity
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2 � Discussion

Our analysis shows that changes in the seasonality of downward radiation, mainly ↓LWclear-sky, CRE, and seasonality 
of latent heat flux contribute to the increasing ATC in the mid-latitudes. The role of the radiation energy stems from a 
faster buildup of water vapor, more reduction of cloudiness and more dryness in the in the summer months than in 
the winter. It is noted that our results include the role of circulations and internal variability, as circulations still modify 
temperature via changing surface radiation. For example, the advection of warm/cold air masses can directly increase/
decrease ↓LW radiation. The detailed mechanism of ocean activity or internal variability in modifying the circulations, 
however, is beyond the scope of the current analysis.

One concern regarding this study is the short analyzing period, in which the multi-decadal internal variability may 
play a role. We acknowledge that this possibility cannot be ruled out at this stage. In other words, the ATC signal reported 
above includes both forced response and unforced variability. To what extent, the signal is due to global warming or 
internal variability merits future investigations. A faster warming summer will be accompanied by more hot extreme 
events [28], which can have wide-spread serious societal consequences [29–31]. We hope that this report can stimulate 
more upcoming research on this topic.
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