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There is a growing debate regarding the influence of solar activity on climate change as the solar forcing signal on decadal/multidecadal timescales is not robust in long-term reconstructed climate data or numerical simulations. However, solar forcing could be amplified by ocean–atmosphere coupling in sensitive regions, including the North Atlantic Ocean (N.A.). This study assessed the influence of varied total solar irradiance (TSI) due to the effects of solar activity on Atlantic Meridional Overturning Circulation (AMOC) based on an Earth System model with intermediate complexity (PLASIM-GENIE). Three groups of experiments with different TSI series; i.e., constant (NS), decadal varied (DS), and reconstructed whole (AS) for 1610–2000, were conducted and the AMOC response was investigated. The results showed that the internal forcing of the climate system led to quasi-35-year and quasi-65-year AMOC cycles and a significant and stable negative correlation between TSI and AMOC on a multidecadal timescale. The period was significantly extended due to solar forcing. The declining AMOC trend occurred in simulations after 1800. Thus, solar forcing contributed to a weakening AMOC at a rate of 0.41 Sv per century. The decadal variation in TSI was the main contributor to this decline due to solar forcing.
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1 INTRODUCTION
Evidence from observations and geologic proxies indicates that solar forcing is among the key natural driving forces affecting decadal/multidecadal climate variation (Eddy, 1976; Haigh, 1996; Wang et al., 2005; Liu et al., 2013; Gray et al., 2018; Xu et al., 2019; Kuroda et al., 2022). Although various linking mechanisms have been proposed, such as the “top-down” regime (stratospheric ozone ultraviolet radiation effect) or “bottom-up” regime (total radiation irradiance effect) (Haigh, 1994; Gray et al., 2009; Mann et al., 2009), recent studies based on climate models or reconstructed long-term reanalysis data have challenged the certainty of this linkage. A robust solar signal on decadal climate change was lacking in the long-term reanalysis or modeling data. Previous studies occasionally observed this linkage (Sjolte et al., 2018). Instead of solar forcing, volcanic eruptions or internal driving forces could also induce decadal climate variations (Mann et al., 2021). Consequently, the Sixth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC-AR6) suggested that there exists great uncertainty regarding the influence of solar activity on decadal/multidecadal climate changes (Masson-Delmotte, 2021). The key to addressing this contradiction is to establish robust linking mechanisms between solar activity and climate systems.
Although the total solar irradiance (TSI) only fluctuates by approximately 0.1%–0.2% in the solar cycle of the 11-year Schwabe cycle (Foukal et al., 2006), the changes could accumulate and be amplified in sensitive ocean regions and lead to significant impacts on regional or even global climate. The North Atlantic Ocean region (N.A.) is considered a sensitive region (Gray et al., 2013; Scaife et al., 2013; Andrews et al., 2015; Cheng et al., 2016). Andrews et al. (2015) and Gray et al. (2016) declared that the accumulated solar energy in the mixed layer of the N.A. could generate a response lag of 3–4 years of surface pressure to the decadal solar cycle. In the N.A., the local ocean response could cause a global climate effect due to thermohaline circulation. Many studies have suggested that the Atlantic Meridional Overturning Circulation (AMOC) plays an important role in Atlantic multidecadal variability. Atlantic hurricane activity, frequency of drought events in the United States, and changes in rainfall in Europe and the East Asian summer monsoon are all reportedly related to the AMOC (Delworth et al., 1993; Timmermann et al., 1998; Sutton and Hodson, 2005; Zhang and Delworth, 2006; Yu Lei, 2009; Ting et al., 2011). Thus, the connection between solar forcing and the AMOC seems to be an important part of transmitting solar signals in climate systems (Shindell et al., 2001; Scaife et al., 2013).
Moreover, the AMOC fluctuates on variable timescales; i.e., from decadal to centennial to millennial (Zhang, 2008; Chylek et al., 2012; Park and Latif, 2012). Geological proxy records (Ran Lihua, 2008; Liu Jing, 2014; Zhao Yun, 2015; Li Dongling, 2016) and model simulations (Jiang et al., 2014) reveal the significant relationship between the AMOC and variations in sea surface temperature (SST) and ice sheets in the N.A. on a millennial scale. Lin et al. (2019) claimed that the AMOC shows two groups of decadal/multidecadal oscillations of 10–30 years and 50–80 years and that the formation of these two oscillations accounted for internal oscillation and trans-basin processes in the N.A. Bagatinsky and Diansky (2021) revealed that the Atlantic multidecadal oscillation was associated with the AMOC sinking branch at 60°N latitude and the rising branch at 25°N latitude and was part of a quasi-60-year cycle. Additionally, the multidecadal variation in AMOC would shift with global climate background changes (Cheng et al., 2016).
Various mechanisms of AMOC multidecadal fluctuation due to internal or external forcings have been proposed (Gregory et al., 2005; Yu et al., 2010; Lynch-Stieglitz, 2017). The meridional density gradient (Lee and Wang, 2010; Huang et al., 2014), fresh water flux, and deep convective variation (Sutton and Hodson, 2005) control the variation in AMOC by changing the N.A. SST and salinity. Solar activity could contribute to these factors by impacting the heat capacity, planetary waves (Huck et al., 2001), and melted sea–ice freshwater injections (Yu et al., 2010; Lynch-Stieglitz, 2017).
The relationship between AMOC and TSI, controlled by orbital factors or solar activity, has been studied through observations and model simulations. Paleoclimatic evidence from deep-sea cores indicated that the AMOC decreases with weakened solar radiation on a millennium timescale (Negre et al., 2010). Based on reconstructed N.A. climate data over the past 200 years, Gary et al. (2010) proposed that TSI can affect the AMOC on a decadal time scale through the storage of solar energy in the mixed layer in the N.A. region (Gray et al., 2010; Ineson et al., 2011; Scaife et al., 2013; Andrews et al., 2015). Numerical simulations by Scaife et al. (2013) also concluded that the AMOC could amplify the solar signal and shape the regional response patterns in the N.A. region. Menary and Scaife (2014) operated 150-year experiments with the HadGEM2-ES (Hadley Centre Global Environment Model 2, with Earth System components) model and found that increased TSI could affect atmospheric circulation by changing SST on the multidecadal timescale. Consequently, the impact on seawater evaporation and ocean stratification in the N.A. leads to AMOC enhancement. However, simulations by Muthers et al. (2016) based on the SOCOL-MPIOM model demonstrated that weakened TSI was followed by colder SST and enhanced sea–ice cover, which would increase the N.A. upper water density and speed the AMOC on a multidecadal time scale. However, a weakened TSI could also induce a negative AO phase, which could decrease the AMOC intensity. Other modeling results also revealed that TSI variation could cause either positive or negative effects on the strength of AMOC on different time scales (Zorita et al., 2004; Goosse and Renssen, 2006; Sedlacek and Mysak, 2009; Swingedouw et al., 2011).
The weakening trend of the AMOC has been detected by observations (Holliday et al., 2020) and paleoclimate proxies (Caesar et al., 2021). Although there is an argument for the origin of the weakening of the AMOC, the fluctuation in eddies (Lozier et al., 2019), internal tides (de Lavergne et al., 2017), and wind forcing (Swingedouw et al., 2022), in other words, internal or external forcing, are the main contributors to this weakening trend. Solar forcing with TSI variability on multiple timescales could affect the weakening trend of the AMOC; however, its contribution has not been fully investigated.
Regarding simulation of the AMOC, although the climate model with a high-resolution ocean part, in which eddies are permitted, could simulate key processes of the AMOC, such as the transformation of water masses, strong biases remain due to the possible serious underestimation of some uncertainties (Jackson et al., 2020). The coarse-resolution model could capture the first order of driving the AMOC (Swingedouw et al., 2022), the results of which may be more consistent with the present observations. Therefore, the solar forcing effect on AMOC is still useful for initial testing with the coarse-resolution model.
In this article, we use a coupled intermediate complexity earth system model, PLASIM-GENIE, to explore the influence of varied TSIs with multi-timescale (decadal to centennial) cycles on the AMOC. The model can operate the first order of the driving process and provide the main characteristics of the climate system, in which the ocean and sea–ice modules can well simulate AMOC variability. It is suitable for long-term large-scale ensemble studies.
Concretely, we designed 390-year single-factor forcing simulation experiments with different time scale variations in TSI based on the reconstructed series and investigated the responses of the AMOC. The structure of this article is as follows: the second section describes the climate model and experimental design; the third section provides experimental results and discussion; and the fourth section provides the conclusion.
2 MODEL AND EXPERIMENTAL SETUP
2.1 Model
This study used an Earth system model with intermediate complexity (PLASIM-Genie version 1.0), which coupled the planetary simulator (PLASIM) and ocean (GOLDSTEIN), sea ice (GOLDSTEINSEAICE), and land surface components (GENIE Earth System model), and can reproduce the main feature of the climate system (Marsh et al., 2004; Zorita et al., 2004).
The primitive equation of the atmosphere includes chaotic, three-dimensional (3-D) motion and interactive radiation and cloud cover, and dominates the computational load compared to the relatively simpler frictional geostrophic ocean, which neglects momentum advection. This model is suitable for long-term or global-scale comprehensive simulations. Based on the original slab ocean and sea–ice module with flux correction, the model tuned each module, which allowed the model to improve the prediction of the characteristics of ocean circulation and the climate system. The GOLDSTEIN sub-model can adopt surface wind speed, net energy, and net humidity fluxes provided by PLASIM-GENIE, perform relevant sea–ice correction, and output responses such as SST, salinity, and sea–ice thickness. GOLDSTEIN also improves the vapor transport process, which can not only represent the variability in ocean currents, such as AMOC caused by changes in the ocean interior, but also simulate the variability in AMOC driven by wind.
The PLASIM-GENIE model has a horizontal resolution of T21 (5.6°x5.6°, 32x64) (Lenton et al., 2007). Marsh et al. (2004) successfully investigated the operating pattern of thermohalines on decadal to millennial time scales with the GENIE model. PLASIM has a vertical resolution of 10 layers for the top at the tropopause. GOLDSTEIN has a vertical resolution of 32 layers, from the ocean surface down to the bottom. Compared to other EMICs, such as OSUVic, PLASIM-GENIE performs moisture flux adjustment, and a weak (9Sv) AMOC can be simulated. Holden et al. (2016)provided a more detailed description and model evaluation.
2.2 Experimental design
This study performed three experimental tests with different series of TSI. Figure 1 shows the five series of decomposed TSI reconstructed by Lean (2010) using the empirical mode decomposition (EMD) method. Figure 2 lists the three reconstructed TSI series in the simulations. The gray line represents the constant solar irradiance of 1364.6 W/m2 (NS). The blue line represents the original reconstructed TSI (AS). The red line represents the solar irradiance without 100-year and 22-year fluctuations, which is combined with the decomposed series of EMD1, EMD2, and EMD5 and calibrated with the mean of 1364.6 W/m2 (DS).
[image: Figure 1]FIGURE 1 | Five TSI EMD sequences used for reconstruction. EMD2 has a significant 11-year cycle. EMD4 has a significant 100-year cycle. EMD5 is the random item.
[image: Figure 2]FIGURE 2 | Three TSI sequences used for model forcing. NS: constant 1364.66 W/m2 (gray); DS: combination of EMD1, EMD2, and EMD5 (red); AS: combination of the entire sequence, which is the TSI reconstructed by Lean (2010).
Figure 3 shows the results of wavelet analysis of DS (panel a) and AS (panel b) with a significant 11-year period fluctuation in the DS series and significant quasi-11-year and centennial period variations in the AS series.
[image: Figure 3]FIGURE 3 | Wavelet analysis of TSI for the DS (A) and AS (B) tests. (Data are detrended. The dotted orange line is the 95% significance test).
To exclude the influence of human activity, other initial atmospheric parameters of simulations were kept at a constant value in 1850, i.e., the CO2 concentration was maintained at 280 ppm, which was the atmospheric CO2 concentration during the Holocene interglaciation (Lourantou et al., 2010). This value is often used as the equilibrium concentration of CO2 in idealized experiments (Eby et al., 2013).
Each test used three ensembles. The initial 200 years running with a constant solar irradiance of 1364.6 W/m2 are carried out in each group of simulations to make the model run stably. The annual averaged results of the simulation are output.
3 RESULTS
3.1 Comparison with reanalysis data
The EN4 surface/subsurface temperatures and salinity dataset of the global oceans from the Hadley Center was used to evaluate the simulation results. Since the reanalysis data only cover the period from 1900 to 2022, the 1900–2000 temperature and salinity from the AS test were used for comparison.
Figure 4 shows the comparison of annual mean temperature and salinity at the surface and subsurface layers between the EN4 and AS tests, with SST shown in panels (a) and (c), subsurface sea temperature (300-meter-depth) shown in panels (b) and (d), sea surface salinity shown in panels (e) and (g), and subsurface sea salinity (300-meter-depth) shown in panels (f) and (h). The main spatial patterns of the whole-period averaged sea temperature and salinity were consistent between the reanalysis data and the simulation results. The surface salinity results of the simulation at the middle and low latitudes in the South Atlantic Ocean were lower. Based on previous model assessments (Liu et al., 2013; Holden et al., 2016), the PLASIM-GENIE model used in our work was able to reproduce the main features of the climate system in the Atlantic Ocean.
[image: Figure 4]FIGURE 4 | Results of the EN4 (top) and AS tests (bottom) from 1900 to 2000. Annual mean sea temperature at the surface (panels (A,C)) and 300 m depth (panels (B,D)). Annual mean sea salinity at the surface (panel (E,G)) and 300 m depth (panel (F,H)).
The temperature and salinity changes in the North Atlantic region from 1900 to 2000 were analyzed, as shown in Figure 5. The regional average temperature and salinity were standardized, which showed that the changes in the SST in the AS test were basically consistent with those observed during the whole period (Figure 5A). However, because the design of the model is not completely consistent with the actual climate change, certain differences in the trend changes of SST were observed in the last 10 years. After correlation analysis, the two sequences had a positive correlation of 0.272 by the 99% significance test for an EN4 SST lag of 3 years. SSS changes over the entire North Atlantic region were simulated poorly compared to temperature, with no significant correlation (Figure omitted). However, we further considered the changes over the small range of the sub-polar North Atlantic region (60oN–90oN, 80oW–30oE) where sea ice influence is significant in the AS test and EN4 datasets, and found a good correlation between the two. As shown in Figure 5B, the SSS changes of the two groups of data are very similar, with a positive correlation of 0.375 that passes the 99% significance test. Therefore, from the perspective of time change, the model well simulated the temperature and salinity changes in the North Atlantic region, which provides a basis for further analysis of AMOC changes.
[image: Figure 5]FIGURE 5 | SST and SSS time sequences in the North Atlantic region of the AS test and EN4 dataset. (A) SST variation in the North Atlantic region (0oN–90oN, 80oW–30oE). (B) SSS variation in the subpolar North Atlantic region (60oN–90oN, 80oW–30oE). The data were all standardized.
3.2 Long-term response of the AMOC
Lozier et al. (2019) defined the AMOC index (AMOCI) as the maximum value of the overturning stream function in the density space. Other studies also selected the maximum value of the overturning stream function at a certain latitude as the AMOC index (Huang et al., 2014; Menary and Scaife, 2014; Cheng et al., 2016). In our work, the maximum value of the overturning stream function in the depth profile at 48°N was set as the AMOCI. Figure 6 shows the mean AMOCI of the three tests with 11 years of smoothing, with a fitting curve from 1800 to 2000. The gray line is the NS test, the red line is the DS, and the blue line is the AS. The AMOCI of the NS varied between 12.16 Sv and 18.83 Sv (Sv:1 Sverdrup = 1×106 m3/s(−1)), with a mean of 15.3 ± 1.27 Sv. The results of the DS and AS tests showed mean AMOC strengths of 15.21 ± 0.63 Sv and 15.23 ± 0.57 Sv, respectively.
[image: Figure 6]FIGURE 6 | Eleven-year smoothed AMOCI for the composite mean of the three groups. NS is represented in gray; DS, in red; and AS, in blue. The shadow is the standard deviation of the AMOCI. The dashed line is the fitting curve of the AMOCI from 1800 to 2000.
The AMOCI of the NS test was consistent with the control run results by the Kiel Climate Model, in which the variation range of the AMOCI was 11–18 Sv (Park and Latif, 2012). The preindustrial control simulation in the HadGEM2-ES climate model had a mean AMOC strength of 13.6 ± 1.0 Sv (Menary et al., 2013). Menary and Scaife (2014) studied the influence of external forcings, such as volcanic eruptions and solar radiation, on the multidecadal AMOC change and found that the AMOC with multidecadal oscillation fluctuated between 12 Sv and 15 Sv during their 140-year experimental period. Compared with the recent observation dataset of the Rapid Climate Change (RAPID) program (AMOC intensity =18 ± 2.1 Sv) (Kanzow et al., 2010), the value of the NS experiment was slightly smaller. This result may be caused by the setting of other experimental conditions; for example, the fixed CO2 concentration, to preindustrial values.
The fitting curve in Figure 6 shows an obviously declining centennial trend after 1800. In the DS test, the largest weakening trend was observed, with a decline rate of 0.51 Sv per hundred years (Sv/100a), while the values were 0.41 Sv/(100a) in the AS test and 0.18 Sv/(100a) in the NS test. That is, the AMOCI in the DS test decreased the most, followed by the AS test, while the NS test decreased the least.
A variable negative correlation between TSI and AMOC was observed during 1610–2000. In the DS test, the AMOCI had a maximum negative correlation of −0.292 with TSI with no lag at the 99% significance level. In the AS test, the correlation coefficient was −0.279 with no lag at the 99% significance level.
Figure 7 shows the results of wavelet analysis on the AMOCI series from the NS, AS, and DS tests. Panel (a) shows the results of the NS test, panel (b) shows the results of the DS test, and panel (c) shows the results of the AS test. In Figure 7A, significant quasi-35-year and quasi-65-year periodic cycles of the AMOCI are observed in the NS test, which should be attributed to the internal fluctuation of the climate system. In Figure 7B, two significant multidecadal periodic cycles of quasi-40 years and quasi-70 years are observed, which are consistent with the two multidecadal variabilities in the AMOC suggested by other works (Delworth et al., 1993; Ortega et al., 2015). Compared with the result in NS, the two periodic cycles in the DS test show a 5-year extension. Figure 7C shows the two significant multidecadal cycles of quasi-40 years and quasi-100 years, in which the 100-year cycle has a larger spectrum power. Compared with the NS test (Figure 7A), in the AS test, the quasi-100 years cycle dominates the variability in AMOCI, which shows an entrainment effect (Park and Latif, 2012).
[image: Figure 7]FIGURE 7 | Wavelet power spectrum analysis of the composite mean AMOCI in the NS test (A), DS test (B), and AS test (C). The conical lines are wavelet cones, which denote the confidence region. The areas surrounded by the black lines in the wavelet cones are the areas that pass the 95% significance test. The power spectrum is shown on the right, with the dashed line indicating the 95% significance test line.
3.3 Effect of solar forcing
In Section 3.2, on one hand, AMOCI decreased in the three groups during the period from 1800 to 2000 and the decline rate in DS was the largest, followed by the AS test. On the other hand, the AMOCI showed obvious characteristics of two groups of multidecadal cycles, in which the cycle of AMOCI in the AS test was the longest, followed by the DS and NS tests. The AMOC showed an obvious significant response in strength and extended time scale variability to decadal and centennial TSI variations. Since ocean temperature and salinity are key factors influencing the AMOC, we investigated the responses of ocean temperature and salinity.
Figure 8 shows the difference in the ocean temperatures between the DS and NS tests (a–c) and between the AS and NS tests (b–f) at three ocean depths. Panels (a) and (d) show the results at the surface (SST). Panels (b) and (e) show the results at a depth of 300 m. Panels (c) and (f) show the results at a depth of 1,000 m.
[image: Figure 8]FIGURE 8 | Sea temperature differences in the surface layer (A), 300 m depth (B), and 1,000 m depth (C) in DS and NS between 1610 and 2000. (D–F) shows the differences temperature at surface, 300 m, 1000 m depth between AS and NS. The black dotted area is significant at the 95% level for a two-tailed T-test, and the white area is the 99% significance test.
The typical tripolar pattern of the SST in the N.A. region is shown in Figure 8A. The warming SST appears from the polar region to the Greenland–Norway Sea (GNS) with 95% confidence. A significant cooling at a depth of 300 m located on the east side of the Atlantic subtropical gyre was detected, as shown in Figure 8B, which is consistent with Canary cold current flows. Panel (c) shows significant cooling in the whole circulation field in the N.A. at a depth of 1,000 m. In the results showing the difference between AS and NS in Figure 8D, more area with a significant positive response of SST was observed in the GNS.
Figure 9 is similar to Figure 8, but it shows the differences in salinity. Figures 9A, D show a significant negative anomaly in the surface salinity in the Barents Sea (BRS) in the DS and AS tests. The significant westward extension of this negative anomaly was revealed in the DS test.
[image: Figure 9]FIGURE 9 | Same as Figure 8 but for the difference in salinity.
Figure 10 shows the differences in sea–ice cover (SIC) between the DS and AS tests and the control run (NS). Comparing panels (a) and (b), in the AS test, the full variability in TSI leads to more significant ice melting in the Arctic region.
[image: Figure 10]FIGURE 10 | ea–ice cover (SIC) difference among DS (A), AS (B), and NS. The black dotted area is significant at the 95% level for a two-tailed T-test, while the white area is significant at the 99% level.
Figure 11 shows the wind stress discrepancy among DS (panel (a)), AS (panel (b)), and NS. With the solar forcing, the wind stress in the Greenland Sea is significantly strengthened. In the DS test, there is a clear southward enhancement of wind stress, which would increase the East Greenland Current (EGC) and transport more melted fresh water from the Arctic to the west subpolar gyre (wSPG). Consequently, the salinity and temperature in the SPG would decline.
[image: Figure 11]FIGURE 11 | Wind stress discrepancy among DS (A), AS (B), and NS. The arrow represents the result with statistical significance at 99%. The contour indicates the difference in surface pressure.
Figure 12 shows the mixed layer depth (MLD) discrepancy among DS (panel (a)), AS (panel (b)), and NS. With solar forcing, the MLD in the wSPG is shallower than that in the NS test. The DS test shows a significant negative response, which is consistent with the intensified EGC shown in Figure 11. This finding could lead to a decline in the AMOC.
[image: Figure 12]FIGURE 12 | Same as Figure 10 but for the difference in MLD.
To understand the accelerated weakening trend of the AMOC since 1800 due to solar forcing, the correlation of SST/sea surface salinity (SSS) with the AMOCI was determined, as shown in Figure 13, in which panels (a–c) show the correlations between the SST and AMOCI, and panels (d–f) show the correlations between the SSS and AMOCI.
[image: Figure 13]FIGURE 13 | Correlation between annual AMOCI and SST (The top panels) and SSS (The bottom panels) in the NS test (A,D), DS test (B,E), and AS test (C,F) from 1800 to 2000. The black dots indicate the 95% significance level for the correlation, while the white indicates the 99% significance level. The contours represent the correlation coefficients.
As shown in Figures 13A, D, with a constant TSI, SST and SSS in the SPG and the Labrador Sea (LAS) have a significant positive correlation with the AMOCI. In the DS and AS tests, the significant negative contribution of SSS in the BRS would be induced by varied TSI, which is shown in panels (e) and (f). The DS test showed more positive contributions to SST and SSS than in the AS test.
Figure 14 reveals the correlation between the TSI of the DS and AS tests and the SST/SSS results. In the DS test, TSI is negatively correlated with SST in the SPG and LAS. TSI was also positively correlated with SSS in the BRS. However, in the AS test, only a positive correlation between TSI and SSS could be found in the BRS, and a weak positive correlation between TSI and SST was detected in SPG and LAS.
[image: Figure 14]FIGURE 14 | Oceanic fields correlated with the annual TSI forcing from 1800 to 2000. (A) SST in the DS test (in °C), (B) SSS in DS (in psu), (C) SST in the AS test, and (D) SSS in AS. The black dots in (A–D) indicate the 95% significance level, while the white dots indicate the 99% significance level. The contours represent correlation coefficients.
By combining the results in Figure 8 with those in Figure 14, the SST in the SPG and the SSS in the BRS may account for the weakening of the AMOC in the DS test. The TSI was negatively correlated with SST in the SPG and positively correlated with SSS in the BRS, which would cause a negative contribution to the AMOC. In the AS test, the negative contribution of the SSS in the BRS to the AMOC could be partly balanced by the positive contribution of the SST in SPG. The Atlantic water heat transport through the BRS Opening and solar heat flux has been proposed to contribute equally to the climate variability in the BRS (Sando et al., 2010). A coupled ice–ocean model simulation by Long and Perrie (2017) revealed that increased lateral heat transport and solar radiation account for the increasing SST in the southern BRS, which is consistent with our simulation.
The branch of Atlantic water transits the BRS, forming BRS Water (BSW) (Harris et al., 1998; Schauer et al., 2002). BSW is entrained in Arctic Intermediate Water (Schauer et al., 1997; Maslowski et al., 2004), which is ultimately exported to the N.A. and in turn contributes to the deeper branch of the AMOC (Aagaard and Woodgate, 2001; Barton et al., 2018). Therefore, SST and SSS in the BRS and SPG were treated as the key factors affecting the AMOC. Figures 15A, B show the regional mean SST and SSS in the BRS, 75°N–90°N, 20–60°E) and Figures 15C, D show those in the Labrador Sea and west SPG (LAS-wSPG, 50°N–70°N, 45°W–65°W) based on the NS (gray line), DS (red line), and AS (blue line) tests. The dashed line is the fitting curve of the results after 1800.
[image: Figure 15]FIGURE 15 | Mean values (11-year smoothed) of the sea surface temperature (SST) and sea surface salinity (SSS) in the BRS (75°N–90°N, 20°E−60°E) (A,B) and LAS-wSPG (50°N–70°N, 45°W–65°W) (C,D). Gray line, NS test; red line, DS test; blue line, AS test; dashed lines, fitting curves of the results from 1800 to 2000.
In the BRS, according to all three tests, the long-term trend of SST maintained a very small change and showed continuous increasing trends in SSS. Without the varied TSI forcing, the quantitative values of SST and SSS in the NS test were larger than those in the DS and AS tests. The increasing trend of SSS in the BRS may have contributed to the weakening trend of the AMOC after 1800.
In the LAS-wSPG region, the NS and DS tests showed a decreasing trend in SST. In the DS test, the trend showed a larger decreasing rate than that in the NS test. In the AS test, in the long term, the trend remained nearly constant; even after 1940, the SST showed a continuous increase. For the SSS in LAS-wSPG, the NS and AS tests showed a slight long-term increasing trend. The DS test showed a significant long-term decreasing trend. Thus, in the DS test, the decreased SSS is attributed to the intensified EGC and Greenland ice sheet (GrIS) melting.
Multilinear regression analysis was performed to evaluate the potential effects of the SST and SSS in the BRS and LAS-wSPG. The results are shown in Table 1, in which the SSS in LAS-wSPG accounted for most of the AMOC in all three tests. Compared with the results in Figures 13–15, in both the DS and AS tests with variable TSI, the increased SSS in the BRS led to a weakening of the AMOC. In the DS test, the decreased SSS in LAS-wSPG could strengthen this weakening trend. However, in the AS test, the increased SSS had a positive effect on the AMOC, which partly balanced the negative contribution of the SSS to the BRS.
TABLE 1 | Solar forcing response of the AMOCI based on a regression analysis. The regression coefficients (R.C.) for the SST and SSS in the BRS and LAS-wSPG are shown. *95% statistical significance; **99% statistical significance.
[image: Table 1]4 DISCUSSION AND CONCLUSION
Many previous simulations have addressed two kinds of multidecadal variations in AMOC and have reported two main variabilities at 20–30 and 50–70 years, which accounted for the internal interaction of ocean currents or ice–ocean–atmosphere in the N.A. region (Delworth et al., 1993; Timmermann et al., 1998; Ortega et al., 2015). In our simulation, the control simulation of NS reproduced both variabilities. The whole solar forcing in the AS test showed a significantly extended period cycle. The high-frequency part of 30–40 years remained, and a low frequency of 100-year variation appeared due to the centennial variation in TSI, which could contribute to the low frequency (60–100 years) of variability in the AMOC based on the tree ring proxy (Gray et al., 2004).
The DS and AS tests showed that the SPG and BRS are crucial regions and that the SSS in these two regions is the main factor affecting the solar forcing that links to the AMOC. In the DS test, the SSS in SPG dominated the AMOC variability. Although we expected that the variation in GrIS melting due to the solar forcing would dominate the SSS variability in wSPG, the meridional wind was the key factor, which is consistent with other studies, including the study by Li et al. (2021). In the DS and AS tests, the solar forcing led to a significant positive effect on the strength of the southward meridional wind along East Greenland, which controls the EGC intensity. EGC intensity was negatively related to the SSS in SPG and was even considered to account for the phase reversal of a bidecadal ocean mode in the N.A (Escudier et al., 2013). Then, linked by EGC intensity, the decadal variation in TSI was negatively connected to the SSS in SPG. In the BRS, seawater is considered a water source that feeds the AMOC through the Nordic Sea (Lozier et al., 2019). The SIC has been proposed to be negatively related to the AMOC due to “the Barents Sea cooling machine” (øystein Skagseth, 2020), which suggested that the low SIC in the BRS increased the heat loss and weakened the deep thermal convection. The solar forcing in the DS or AS test positively affected the SIC in the BRS, which led to a negative effect on the AMOC due to the Barents Sea cooling machine.
The weakening of the AMOC in recent decades or even in the past few centuries has been reported (Caesar et al., 2018; Collins, 2019); however, this declining trend is controversial (Moat et al., 2020). The origin of the weakening has been attributed to anthropogenic effects (Swingedouw et al., 2022) or natural forcing (Latif et al., 2022). Our work assessed the contribution of solar forcing-modified TSI. With the real TSI in the AS test, the weakening AMOC with a decline rate of −0.41 Sv per century was investigated, which is approximately 24% of the whole AMOC weakening trend assessed by Caesar et al. (2018). Based on the sensitivity tests, the main effect of the TSI on AMOC weakening was attributed to the decadal variation in TSI through its negative effect on salinity in the LAS-wSPG and positive effect on salinity in the BRS. The decline in salinity due to increased freshwater flux from GrIS melting and transportation by strengthened EGC intensity and ice melting water from the LAS was the main contributor to the decline in the AMOC. In addition to TSI variability, which is 0.1%–0.2% of the TSI, solar activity also causes other changes that could directly affect the low atmosphere in the N.A., such as solar irradiance variation in the ultraviolet band (Haigh, 1994), the precipitation flux of energetic particles (Lu et al., 2008), solar wind, and the global electric circuit (Tinsley and Zhou, 2006). These factors could also be the source of the weakening AMOC. For example, solar wind-driven variability in relativistic electron flux could lead to a significant wind stress response in the N.A. region (Mironova et al., 2012; Zhou et al., 2014), and the response of the surface pressure and wind to the fluctuation in the interplanetary magnetic field has been reported (Lam et al., 2014; Zhou et al., 2018; Tinsley et al., 2021). The solar wind-driven global electric circuit has been suggested to lead to a significant atmospheric dynamic response in the N.A. region through electric-cloud microphysics (Tinsley, 2008), which could also contribute to AMOC variability.
This study assessed the effects of different TSI forcings on AMOC multidecadal variability since the Little Ice Age using an Earth System Model with intermediate complexity, PLASIM-GENIE, version 1.0. Although it is a coarse resolution model and the atmospheric part of the model is simplified, the main features of the ocean and atmosphere circulations can be successfully reproduced, including the two multidecadal variabilities in AMOC. According to the simulation results, the effect of GrIS melting through the Labrador Sea on the MLD in the wSPG was also detected.
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