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The Sun has an obvious quasi-11-year cycle and numerous short-term eruptive activities. There are four processes of energy transmission in the effectuation chain of solar forcing to the climate system: solar energy input into the atmosphere, atmospheric absorption of the input energy, transformation of the absorbed energy into dynamic and thermodynamic responses in the atmosphere, and coupling among all the layers affected by solar forcings. However, the four processes have not been discussed in their entirety. This present paper reviews studies over the last decade on how solar radiation varies during the solar cycle and solar eruptions, and, correspondingly, how the terrestrial atmosphere absorbs the input solar energy.
Keywords: solar activity, climate, energy transmission, solar radiation, high-and low-level atmosphere coupling
INTRODUCTION
The Sun is a typical middle-aged dwarf star on the main sequence (Tayler, 1997). It emits an electromagnetic spectrum approximating to radiation from a black body at a temperature of 5770K and provides the principal source of energy driving the Earth's atmospheric circulation (Kopp, 2018; Ding, 2019). The Sun has an obvious quasi-11-year cycle and numerous short-term eruptive activities. Whether and how these solar activities affect the Earth’s climate has been studied and debated for hundreds of years. The most recent and realistic problem is whether there is a connection between the stagnation period of global warming in the Northern Hemisphere since the beginning of the 21st century and a decrease in solar activity (Lockwood et al., 2010a; Sirocko et al., 2012), recalling the possible recurrence of scenarios like the Maunder minimum. Although there has been much research on this, it has lacked significance and consistency. Over the past 10 years, due to improvements in solar/terrestrial observation technology and the reconstruction and improvement in quality of long series data, our understanding of the impact of the Sun on climate has made some important progress.
Four processes of energy transmission in the effectuation chain of solar forcing to the climate system are relevant to this discussion: solar energy input into the atmosphere, atmospheric absorption of this input energy, transformation of the absorbed energy into dynamic and thermodynamic responses in the atmosphere, and coupling of all the layers affected by solar forcing. This present paper reviews how solar radiation varies during the solar cycle and eruptions, and, correspondingly, how the terrestrial atmosphere absorbs the input solar energy.
Solar irradiance variations during the solar cycle
The continued observation of total solar irradiance (TSI) from space is recorded by different mission instruments, starting in 1978 (Figure 1). The absolute value of TSI has been newly defined at a low value of approximately 1,361 W/m2, which was first observed by TIM aboard the SORCE mission (Kopp and Lean, 2011) and again by PICARD/PREMOS, NORSAT-1/CLARA, and TSIS-1/TIM. A new laboratory calibration technique with the TSI radiometer facility (TRF) can support end-to-end calibration for irradiance, which explained the difference between VIRGO, ACRIM3, and TIM and corrected the dataset to the same reference level (Kopp et al., 2012). The newest TSI product from FY-3E/SIM-II also shows a value of 1,361.82W/m2 (Zhang, et al., 2022). The TSI climate composite data have been built up with different combined methods showing the same 11-year solar cycle patterns, leading to a TSI variation of approximately 0.1% (Dewitte and Nevens, 2016; Dudok de Wit et al., 2017; Montillet et al., 2022). The long-term TSI trend is still under discussion and is partially limited by the accuracy of historical TSI observations. The precision of instrument on-orbit degradation monitoring has become another key point in solving this problem, especially when the instrument has more than a 10-year lifetime.
[image: Figure 1]FIGURE 1 | Time series of the total solar irradiance dataset and sunspot number (from Greg Kopp’s TSSI Page: https://spot.colorado.edu/∼koppg/TSI/index.html).
The accurate measurement of solar spectral irradiance (SSI) is much more difficult than TSI, especially for absolute calibration and degradation monitoring. The SSI data from different missions usually differ in spectral range and spectral resolution, and also in some gaps in time series. The SORCE mission has given a long time series of approximately 17 years of continued solar spectral irradiance data, which has improved our understanding of the long-term trend of specific wavelength (Woods, et al., 2021). In addition to observations from the upper atmosphere, predictions by theoretical and semi-empirical modeling also give a reference dataset for climate and solar physics application. A time-series comparison between observation and models at a selected wavelength showed that the long-term trend differs much more when it is above 300 nm. Seven spectra which presented the solar minimum state showed differences greater than the instrument pronounced accuracy (Thuillier, et al., 2022). For further improvements, high-accuracy detectors and more robust observation data are needed.
A new solar reference spectrum, TSIS-1 hybrid solar reference spectrum (HSRS), at 0.025 nm resolution from 200 nm to 2,730 nm (Coddington, et al., 2021) was recommended by the committee on Earth observation satellite (CEOS) as the new solar irradiance reference spectrum in March 2022. However, the most violent changes in solar radiation occur at much lower wavelengths and are believed to be major influences on terrestrial climate. The ultra-violet (UV) proportion varies from 6% to 8% over the solar cycle and leads to more ozone and warming during solar maxima in the upper stratosphere (Haigh, 1994; Crooks and Gray, 2005). The magnitudes of UV irradiance variability are wavelength-dependent; emissions differ according to their origins in different layers of the solar atmosphere. Over a solar cycle, chromospheric emissions vary by factors of 1.5–1.7, the transition region and upper chromospheric emissions vary by factors of 1.8–2.4, and coronal emissions vary by a factor of 8 (Woods et al., 2008). Although empirical models have emerged for investigating chromospheric and coronal emissions (Lean et al., 2011), they are contested in the literature (Huang et al., 2016). Due to the data gap and uncertainties surrounding the spectral irradiance observations, UV irradiance variability is still unclear and needs further study.
Solar irradiation variations related to solar activities
The agreement between the variability of TSI and solar activity originated in the evolution of the solar surface magnetic field. Kilogauss-strength magnetic concentrations in the photosphere cyclically emerge in association with dark sunspots and bright faculae on the solar disk (Solanki et al., 2006). Sunspots and pores are dark due to magnetic suppression of the overturning convection around the magnetic concentrations (Rempel and Schlichenmaier, 2011). Lateral heating around the magnetic concentrations overcomes the magnetic suppression to produce increasing brightness (Vögler et al., 2005), and the side walls between the magnetic concentrations and the surrounding heating have a greater view away from the solar disk center (Steiner, 2005). Thus, TSI shows an increasing trend when the active region rotates to the solar limb. Using sunspot and faculae datasets, the observed TSI variability can be reproduced with high accuracy (Lean et al., 2020).
Meanwhile, the effect of flares on TSI is not negligible: large flares make a major contribution to the visible domain (Kretzschmar et al., 2010). During the extraordinary solar storms between 18 October 2003 and 5 November 2003, TSI dropped by an unprecedented 0.34% during this period due to dark sunspots. When an X17 (4B optical) flare erupted on 28 October, TSI increased by 270 ppm in a synthetic result (Woods et al., 2004). However, a possible climate response to the synoptic change of TSI still lacks evidence.
Eruption is another critical form of solar energy export. Burst energy could be carried by radiation, energetic particles, and plasma. Changes during a solar burst at wavelengths shorter than UV are dramatically larger than at longer wavelengths. The initial release of energy during an eruption accelerates charged particles, which precipitate into the denser plasma. This heating of the plasma in the lower solar atmosphere drives an increase of hard X-ray flux via bremsstrahlung. Thereafter, the heated particles confined within the magnetic loops thermally radiate in soft X-rays (SXRs) and in some portions of UV (Neupert, 1968). During large solar flares, the variability of SXR 0.1–14 nm can reach a factor of 150, the EUV region shorter than 115 nm can increase to a factor of 40, the enhancement of FUV 115–200 nm radiation declines toward the longer wavelength, and the total variation is approximately 10% (Woods, 2006). Solar flare irradiance models have been developed to derive the variability of solar irradiance during flares, but much work is required to reconcile the deviation from the observations (Chamberlin et al., 2008; Reep et al., 2022). Radio burst is another violent manifestation of solar eruption. However, it has no direct interaction with our atmosphere.
The physics of the solar atmosphere dominates TSI and SSI variations, as well as the occurrence of solar eruptions. It is the reason why TSI and SSI have the same quasi-11-year variations as solar activity. Although they are highly correlated, TSI and SSI mainly display a decadal variation, while the solar eruptions display as events on timescales of days or shorter. Thus, there is more attention on the solar cycle variation of TSI or SSI when solar forcing on climate is investigated than on eruptive energy changes.
The absorption of the terrestrial atmosphere to solar irradiation at short wavelengths
The absorption of solar visible and infrared radiation is mainly the focus of climatologists. Comparatively, atmospheric absorption of solar radiation at shorter wavelengths is mainly discussed in the domain of space weather. Supplementary Figure S1 shows the altitude of maximum solar radiation absorption by the Earth’s atmosphere for different spectral bands at short wavelengths. These have sometimes been neglected by climate researchers since these absorptions occur in the middle and upper atmosphere. Solar X-ray radiation and extreme UV radiation (wavelengths shorter than 100 nm) are mainly absorbed by the thermosphere; far UV radiation (wavelengths between 100 nm and 200 nm) is absorbed primarily by the thermo- and mesosphere; mid UV radiation (wavelengths between 200 nm and 300 nm) is mostly absorbed by the meso- and stratosphere; near-UV radiation (wavelengths between 300 nm and 400 nm) is primarily absorbed by the strato- and mesosphere; and visible and infrared spectral radiation (wavelengths greater than 400 nm) can reach the troposphere and down to the earth’s surface (including the ocean) (see also Schoeberl and Strobel, 1978; Torr et al., 1980a; Torr et al., 1980b; London, 1980; Brasseur and Solomon, 2005).
The absorption mechanism of solar radiation in the earth’s atmosphere is highly complex. In addition to direct radiation absorption and heating, atmospheric photoionization and photodecomposition directly convert partial radiation energy into atmospheric chemical energy and the kinetic energy of photoelectrons, therefore modulating the absorption efficiency of solar radiation (Roble et al., 1987). The precipitation of high-energy particles (Ree et al., 1983) and Joule heating (Roble and Emery, 1983) related to solar activity can also change the temperature and density in the polar region of the upper atmosphere. Atmospheric chemical, dynamic, thermodynamic, and radiation cooling processes further redistribute absorbed solar radiation energy among different atmospheric layers, thus affecting the temperature structure of the whole atmospheric region (Roble, 1995). To systematically study the solar radiation absorption efficiency of the different Earth atmospheric layers for different spectral bands, a comprehensive study with numerical simulation at its core is necessary (Roble et al., 1987; Roble, 1995; Ren et al., 2009), and three key scientific issues are often the focus. First, the absorption of solar radiation by the earth’s atmosphere usually depends on the atmosphere’s specific chemical composition (Schoeberl and Strobel, 1978; Mertens et al., 1999). Atmospheric chemical composition actually dominates the absorption efficiency of solar radiation, while solar radiation can adjust the atmospheric composition through photochemical processes, affecting the absorption efficiency (Tor and Torr, 1979; Zellner, 1999). Second, atmospheric dynamic processes and heat conduction can directly affect the distribution of atmospheric temperature and can also affect atmospheric chemical processes by transporting the atmosphere’s specific chemical compositions, such as oxygen (Garcia and Solomon, 1994), carbon, hydrogen (Qian et al., 2018), and nitrogen compounds. These processes result in the redistribution of absorbed solar radiation energy between different atmospheric regions and even between different atmospheric layers. Third, the solar radiation energy absorbed by different atmospheric layers of the Earth is often dissipated in the form of long-wave radiation cooling (see López-Puertas and Taylor, 2001 and its references). CO2 (Fomichev et al., 1998), O3 (Fomichev and Shved, 1985), H2O, NO (Kockarts, 1980), and O (Kockarts and Peetermans, 1970) play important roles in long-wave radiation cooling. The coupling between solar radiation absorption, atmospheric radiation cooling, and other mechanisms codetermines the temperature structure of the earth’s atmosphere (Roble, 1995). Changes in the atmospheric radiation cooling process can adjust the effective absorption of solar radiation energy by affecting the temperature and then changing the atmospheric composition (Roble and Dickinson, 1989).
Another factor which may influence the physical processes in the Earth’s atmosphere and change its radiative balance is the flux of cosmic rays. Galactic cosmic rays (GCRs) are influenced by heliospheric magnetic changes, with their intensity peaking during the solar minimum due to quiet solar activity (Fu et al., 2021). SEPs originate in solar eruptions, but their energy is lower than GCR. Large-scale solar wind flow and turbulent interplanetary magnetic fields dominate the transport of cosmic rays and their links to solar activity need more study.
The impact of solar irradiation variation on terrestrial climate
Although the variation range of the total solar radiation is generally considered as one thousandth, the variation ranges of several other influence mechanisms, such as UV radiation and energy particles, are much larger than those of total solar radiation (Gray et al., 2010; Lilensten et al., 2015). Two recent assessment reports from the intergovernmental panel on climate change (IPCC) indicate that, although the total solar radiation mechanism had little impact on modern climate, it could not be ruled out that the Sun might affect the interdecadal change of climate through several indirect radiation amplification mechanisms (IPCC, 2013, 2021). Although there is little consensus on the understanding of the relationship between the Sun and climate on an interdecadal scale (Chiodo, 2019), the observed hiatus in surface warming from 1998 to 2012 may be due to a reduced radiative forcing and a cooling contribution from natural internal variability (medium confidence). The reduced trend in radiative forcing is primarily due to volcanic eruptions and the weakening of solar activity. However, there is low confidence in evaluating the effect of solar forcing on the climate warming hiatus (IPCC, 2013).
In addition, cooling in the tropical upper stratosphere under solar minimum years, which weakens the equator-to-pole temperature gradient, can propagate a solar signal downward to slow tropospheric westerlies, thus causing a negative phase of the arctic oscillation (AO) or NAO and cold winters in Eurasia (Ineson et al., 2011; Kuroda et al., 2022). However, this point needs careful confirmation because, according to reports, there is no significant AO or NAO response to solar irradiance variations on average in the CMIP5 models (Gillett and Fyfe, 2013).
The solar ultraviolet radiation variability recommended by CMIP6 can reach several percent (such as the 200 nm band) in a solar cycle, which is far greater than the TSI variability. Its contribution to the TSI variability has been predicted to increase from 35% of CMIP5 to 50% of CMIP6, and the spectral resolution is high enough. Ozone and atmospheric heating rate changes caused by the solar spectrum are also greatly affected in CMIP6 compared with CMIP5—closer to the latest observations (Matthes et al., 2017). These will help uncover and confirm the response of the middle and lower atmospheres to solar radiation as well as its mechanism. The climate simulation forced by the new SSI input found that the wind field response of the real atmosphere and the resulting climate response are likely to be significantly greater than the model simulation (Ermolli, et al., 2013; Chiodo et al., 2016). In addition, CMIP6 provides a solar-driven energy particle forcing dataset for the first time, which enables it to have a certain ability to simulate high-energy particle forcing (Matthes et al., 2017).
The 11-year cycle is the most stable feature of solar activity variations that can be used to improve interdecadal prediction techniques (Smith et al., 2012; Thieblemont et al., 2015). Previous studies have shown that the 11-year solar cycle change is a source of skills for near-term climate prediction (Dunstone et al., 2016; Kushnir et al., 2019), which has been verified in some regions. The possibility that the stratospheric polar vortex serves as a link between lower atmosphere circulation and solar activity has been noted by Veretenenko and Ogurtsov (2013) and Veretenenko (2022). Dunstone et al. (2016) confirmed that the improvement of the interannual NAO forecasting skills in the North Atlantic region is due to the climate variability of the tropical Pacific and the intensity of the stratospheric polar vortex, which is mainly driven by predictable solar forcing. In the tropical Pacific, verification of the interdecadal modulation of the Sun on Walker circulation has enhanced the confidence of the model in predicting Walker circulation and tropical precipitation (Misios et al., 2019). These results indicate that the prediction method of “Sun+a factor” shows potential to help recent climate prediction, which is consistent with the “drivers of teleconnectivity” framework for interdecadal prediction (Cassou et al., 2018).
One possible way to transform “teleconnectivity” to an understandable causation is to pay more attention to possible climate effects caused by solar eruptions. As discussed previously, the upper and middle atmosphere could vary dramatically and systematically due to solar bursts. A short-term solar eruption can cause dramatic changes in radiation (almost at all bands), CME, flares, and solar wind, which cause strong responses in the Earth’s upper atmosphere (partly bridged by the magnetosphere) (Zhou et al., 2014). The Earth’s upper and middle atmospheric responses include direct radiation absorption and heating, composition change, dynamical change, and electromagnetic change. Such changes can further affect variations in the meridional temperature gradient, vertical propagation of planetary wave, ozone cycle, and upper westerly jets, which can couple with the lower atmosphere (Kodera et al., 2016). However, how this coupling occurs is still poorly understood. For instance, Wang and Zhao (2012) found that the solar cycle modulation on the monsoon rain belt could be attributed to the coupling between the circulations in the upper and lower atmospheres. Nevertheless, how this coupling process occurs and by what mechanism it is amplified and transmitted downward is not very clear (Zhao et al., 2014; Zhao et al., 2017). Furthermore, the fact that most evidence for solar burst impacts on the climate system are around the decadal scale, while the events themselves are of time scales around days or even shorter (or of synoptic scale) means that synoptic-scale factors are often equated to or inundated by irradiation variations since they both vary in synchrony with the solar cycle. Decisive progress could be made in two directions: finding evidence of solar bursts impacts on the climate system at the synoptic scale, and clarifying the coupling processes between/among the dynamical, thermodynamical, chemical, and other processes in the upper, middle, and lower atmospheres.
CONCLUSION
Both solar irradiation and solar activity have a quasi-11-year period, and these two variations have essential physics connections. Forcing caused by TSI/SSI on the Earth’s climate mainly presents on a decadal scale. Energy surges from the Sun during solar bursts can only slightly change TSI, but these can export energy to the Earth via radiation at bands of EUV and shorter, energetic particles, plasmas, and electro-magnetic fields which dramatically impact the Earth’s upper atmosphere and induce storms there. Whether such storms can couple with the middle and even the lower atmosphere effectively enough to modify the climate system still needs more investigation. However, we can still try to draft a frame diagram for possible routes of solar forcing to climate (Figure 2). As an increment to previous descriptions, this diagram emphasizes more energy transmission through the “space weather” routines from the Sun to the lower terrestrial atmosphere.
[image: Figure 2]FIGURE 2 | Sketch of possible routes of solar forcing to the Earth’s climate.
At present, solar activity is experiencing a significant decrease after eight strong solar cycles, and some studies suggest that solar activity may even decline to the level of the Maunder minimum by the middle of the 21st century (Lockwood, 2010b; Wang et al., 2010); this may add new uncertainties to future climate change projections. Will this extremely low solar activity period continue to develop after the 24th solar cycle, and will the 11a period change lead to a new cold period (like the Maunder minimum)? These challenging scientific questions are one of the core issues of climate change, and an in-depth study of them will help assess and project future climate risks.
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