Appendix B: Global ocean circulation (GOC) carries a signal of tropical climate that generates lagged responses of the Earth’s climate system 
In this Appendix we are going to analyze a proposed mechanism for the lagged responses of the Earth’s climate system to the ~9500 yr recurrence of solar activity, considering: a) the space-time moving climate variable, Tcrb (“the signal”), b) its lagged influences in the north Atlantic climate and sea level, and c) the GOC processes (“the carrier”) in surface and deep ocean water.
Continental Tropical Climate (CTC) as the main & initial response of the solar activity 

As we have specifically hypothesized that: the lagged responses of the Earth’s climate system to solar activity of around 1600 yrs are associated with oceanic processes that are mainly generated in the tropics, we look for the connections between Tcrb (the signal) and GOC (the carrier).  
Previously, we have selected and analyzed one important tropical climate record: the reconstructed Congo River basin surface air temperature (CRB-SAT, or Tcrb) record, because it covers the last 25 Kyrs (Weijers et al., 2007; W07), and due to its location, is a continental tropical climate (CTC) signal. In addition the Tcrb signal has been considered as the sum of three lagged solar influences that work both directly through solar activity variations, and also indirectly through volcanic activity and CO2 variations. 
Evidences of the lagged influences of the Continental Tropical Climate (CTC) 
Following our hypothesis, we propose that GOC processes support a chain of ordered and lagged connections between the following oceanic and terrestrial regions of the tropics and the polar regions: tropical Pacific, tropical Indian and tropical Atlantic, Greenland-Europe, and Greenland-America (See points A, E, B, C and D in Fig. B1).
a. Lagged influences on tropical Atlantic waters (420 yrs later) 
We considered the Wiseman (1967; W67 hereafter) reconstructed record of CaCO3 sedimentation rate in the equatorial Atlantic. The carbonate sedimentation rate was reconstructed in a site (1°10´N, 19°50´W) with a depth of 4350 m, considering that the associated movement of sediments was at a minimum. Although W67 reconstructed only sedimentation rates, he mentioned that for specific organisms involved, like Globigerinoides sacculifera, equatorial Atlantic cores have shown a rough relation between the rate of carbonate sedimentation and isotopic temperatures for the upper layer of the sea.
It is important to mention that W67 estimated the record’s ages supposing a constant Fe deposition, and their calibration was developed based on a faunal change detected in several neighbouring cores. However, W67 estimated an age of 15550 yr BP that was 400 yr (around 4%) different from the mean age estimation based on isotopic analysis coming from the neighboring information. 
Taking into account both the dating limitations of W67, and also the proposed mechanisms where the GOC transports ocean waters from Southern Atlantic to Northern Atlantic, we propose to make an adjustment, expanding the time scale of W67 by 5% during the last 20Kyr. The expanding backward in time adjustment process for the CaCO3 (W67) record provides an excellent match with the CTC signal, Tcrb, implying a mean lag of 500 yrs, and it confirms the detected differences with neighboring records reported by W67 (See Fig. B2).
b. Lagged influences on AMOC (670 yrs later)  
In the next link, we find that the Atlantic GOC (AGOC or AMOC) lags Tcrb by 670 years. The linear lagged influences of the Tcrb explain the major variations of the reconstructed and modeled records of AMOC developed by MacManus et al. (2004) and Ritz et al. (2015) for the last 20 Kyr, which are displayed in Figs. B3a and B3b, respectively. However, the linear lagged influences of the Tcrb do not clearly explain these AMOC models during the Younger Dryas period, indicating possible limitations in  modeling and/or dating  efforts during the end of the deglaciation period.
On the other hand, the lagged linear influences of the Tcrb explain the major variations of the reconstructed records of AMOC developed by Rahmstorf et al. (2015) for the last 1 Kyr, in particular the decaying process of AMOC during the last decades of the 20th century, and providing an experimental forecast for the next 5 centuries. It is displayed in Fig. B4a. 

Our AMOC or AGOC experimental forecast was also compared with another forecast of AMOC developed by Stocker and Schmitter (1997; SS97) for different carbon emission scenarios. Our model/forecast that presented a severe decrease during the last decades, similar to those reconstructed by R15, and observed, present oscillations around stable values during the next two centuries followed by increases in the next two centuries (see details in Fig. B4b). It must be mentioned that our forecast appears to be the upper envelop of the AMOC forecasts due to SS97, corresponding to the lower levels of carbon emission levels (lower than 460 ppmv). 

c. Lagged influences on Ice Raft Debris (1050 yrs later)  
In the next link, we have also taken into account another important Holocene climate record of the North Atlantic realm. It was developed by Bond (2001), based on petrologic tracers (hematite-stained grains, HSG) of drift ice in the North Atlantic. 
With this record, Gerard Bond proposed the theory of 1470-year climate cycles in the Holocene, detected with fluctuations of ice-rafted debris (IRD) generated during deglaciation in the Arctic regions of North America. We have found a lagged response of the IRD record from Bond (2001), to the tropical climate forcing, expressed through the linear transformed CTC, or Tcrb, record with a lag of 1050 years. The corresponding results, modeling and forecast are displayed in Fig. B5. The match is excellent with an exception during the period from 7 to 5 Kyr BP, when the differences are greatest. As we have mentioned in Appendix C, this anomalous period presents more reconstructed sea level increases possibly due to ice melting than that suggested by the lagged model based on the Tcrb signal. 

The consequent forecasted IRD process for the next centuries shows a sustained increase in the next centuries, followed by a drastic decrease by around -400 BP (2350 AD) and by smaller oscillations over a recovering trend for the rest of the next millennium. 
d. Lagged influences on Sea Level (1550 yrs later) 
In Appendix C after a verification of SL records, we developed a SL model based on the lagged CTC signal Tcrb (by 1550 yrs), which includes solar, volcanic and CO2 influences, through the last millennia. There, we have also tested our recurrent hypothesis, applying the analogue model with linear adjustment and a lag of 9600 years. Both models were applied successfully to explain the last millennia and to extrapolate SL forward in time, marked with decreasing trends. 
Analysis and discussions of the GOC (the carrier) transports and mixing of around 1600-yrs 

Van Aken (2007) has pointed out the following with regard to GOC: “It is initiated when the deep waters, mainly forming in the North Atlantic, flow in the direction of the South Atlantic. At about 60 degrees South, they join the Antarctic Circumpolar Current, in which they move west to east, gradually rising towards the thermocline and spreading throughout the South Atlantic, Pacific and Indian Oceans. The return of this massive flow to the North Atlantic takes place through warm currents near the surface, whose circulation is linked to atmospheric currents. The entire process can take from several hundred to thousands of years.” However, after evaluating the lagged responses of the Earth’s climate system, we believe that the GOC phenomenon, which transports the climate signal, appears to initiate in the tropics and propagate by surface and middle oceanic waters to polar and other regions and the deeps of the ocean world in different times. 

In order to discuss the lagged response of the Earth’s climate system to the solar activity 9.5Kyr recurrent pattern, and based on our previous results, we analyze the 1600-yr lags of the Earth’s climate system to solar activity in four thermo-mechanical processes, specifically vertical transport (convection, conduction, diffusion, etc.), surface transport, deep transport and mixing. 
a. Vertical  transport 
The first climate connection analyzed is the solar radiation/tropical surface connection, TSI-Tcrb, which takes around 40 years. Although we do not model this complex process, the resulting lagged connection that appears to occur all along the tropical belt in sea and land surface layers, has been analyzed in several previous modeling efforts. 
For instance, Schwartz (2007) has put forward two examples of climatic multidecadal delays: “Wetherald et al. [2001] found the increase of global mean surface temperature with a fully coupled atmosphere-ocean general circulation model to lag that in a model with a mixed layer ocean by 20–30 yr, which they took as a measure of the time constant of climate system response. Meehl et al. [2005] reported experiments with two different coupled ocean-atmosphere models in which forcing was held constant at the year-2000 level. In both experiments Ts asymptoted to a final value about 0.2 K greater than the year-2000 value, with an e-folding time of about 30 yr.” 
There are also specific delays, however, as those commented by Eichler et al. (2009): “The precisely dated record allowed for the identification of a 10–30 year lag between solar forcing and temperature response, underlining the importance of indirect sun-climate mechanisms involving ocean-induced changes in atmospheric circulation.” 

b. Surface transport. 
The second climate connection is the Tropics-(Northern-High-Latitudes). It is developed by the thermal Tcrb signal movement to the West from the tropical Pacific to the Indian Pacific, and then to the eastern tropical Atlantic, and arriving to the North Atlantic where the thermal signal generates the AGOC or AMOC. The Tcrb signal continues to the Arctic, and after initiating its surface return, it arrives to the SW Greenland marine region. 
As the surface transport takes around 1050 years, and if we suppose the complete surface path to extend to around 46,000 kms, the very low mean velocity is estimated to be around 44 km/yr, or 5 m/hr or 1.7 mm/s.

c. Deep transport. 
After the surface transport, the overturning circulation of sub polar and high latitude regions initiate the deep transport of waters. It is the third climate connection. 
In order to analyze this connection, we must consider recent results from Matsumoto (2007), suggesting that deep ocean circulation is more accurately described in centennial rather than millennial scales. In his work, Matsumoto (2007) reevaluates a 14C age map of circulation that corrects for the surface reservoir ages and accounts for two sources of deep water. His results show the youngest 14C age mean values of 288 and 295 years for the Atlantic and Southern oceans, respectively, and the oldest circulation 14C age mean values of 889 and 716 years for the Pacific and Indian oceans, respectively.

d. Mixing of thermal anomalies in the rest of the ocean. 
This is the fourth climate connection. It distributes heat over the world ocean by transport/mixing processes in shorter scales, from meso-scale circulations to turbulence. This process is estimated to take more than 100 years. 
We develop an estimation based on two published results of mixing time characterized by two variables [length, Tmix] from the San Francisco Bay [200kms, 2.5 hours] (Walters et al., 1985), and the Arctic Ocean [6,000 km, 7.5 yr] (Mauldin et al., 2010). A power law model was adjusted [Tmix=1.9175 E-09*(length^2.5174)], and extrapolated to a supposed deep sea return length of about 23,000 km (a half of the surface length) to  arrive at the southern ocean, resulting in a mixing time of 183 yrs.

The four climate connections described have considered different processes in tropical waters, North Atlantic waters, Arctic waters, Atlantic deepwater and Mixing processes in the rest of the ocean waters, and their sum is (40+1050+288+183 yr) 1561yrs. Then, based mainly on the Northern Hemisphere contributions, the complete time of atmospheric, surface transport, deep transport and lateral mixing in the ocean is 1561 yrs. A non-symmetric oceanic process, located in the Southern hemisphere, is supposedly developed almost alongside, however, it should be specifically analyzed in further studies.

In addition we have independent estimations for the required time for the ocean response to climate forcing obtained from different studies and variables. Firstly, we know from isotopic studies in the ocean waters that the mixing time for ocean water is about 1600 years (Broecker, 1982). Secondly, with other climate lagged connections estimated in this work (See Table 1 [it was updated here]) we have calculated the average and standard deviation of the five values estimated for the ocean/climate lags detected, we calculate 1580 +/- 100 for the double standard deviation range.  

Considering all this discussion, and estimated values, we verify and accept Broecker’s estimation as the best estimation for ocean mixing time as equal to 1600 +/- 100 yrs, but we consider it to be linked to, and was explained by, the proposed GOC mechanisms for climate connections, due to transport and mixing processes in surface, middle and deep ocean waters. 
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Table 1 (updated with sea-level information from Appendix C). Lags of different variables of the Earth’s climate system with respect to solar activity as a response to the detected 9500-yr solar activity patterns, by Sánchez-Sesma (2016)

	Variable or

Model
	Area of

Application
	Lag, with respect to SA

[yrs]
	Ratio

Lag/Model

	CO2 Antarctic EPICA
	Global Atmosphere
	1670
	0.985

	CO3 in South Atlantic
	Global Ocean
	1550
	0.914

	Fe deposition in SW Pacific
	Global Ocean
	1570
	0.926

	Sea level
	Global
	1550+40=1590
	0.914

	Volcanic Activity
	Global
	780

(=1560/2)
	0.455

(=0.91/2)

	Power Law Model 
	Global
	1695
	1.000


* Although the lag of the volcanic activity is the half of that one of the 9500 yr period, it is considered as a part of the Earth’s climate system response.  Underlined text indicates the new information.
[image: image1.jpg]Solar,
volcanic
and CO,
forcing

m— Surface 0 salinity > 36 %o
wws Deep 1 Salinity < 34 %o
(Rahmstorf, Nature 2002) s Bottom O Deep Water Formation




Figure B1. Schematic representation of the global thermohaline circulation (THC), also known as the meridional overturning circulation (MOC), or great ocean conveyor (GOC). Surface currents are shown in red, deep waters in light blue and bottom waters in dark blue. The main deep water formation sites are shown in orange. (Figure adapted from Rahmstorf, 2002).
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Figure B2. Comparison of Tcrb & CaCO3 deposition rate in the Eq. Atlantic (Wiseman, 1967).
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Figure B3. Comparison of Atlantic thermohaline circulation (ATHC or AMOC), reconstructed records based on sedimentary 231Pa/230Th ratios (McManus et al., 2004; Mc04) and two models (Ritz et al., 2015; S15) with proposed experimental models and forecasts for the last 20 Kyr and future millennia.  (a) Comparison of AMOC(Mc04) reconstruction with a linear analogue transformation of the CRB SAT record, with a lag of ~670 yrs; (b) Comparison of AMOC(S15) model reconstruction with a linear analogue transformation of the CRB SAT record, with a lag of ~670 yrs. 
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Figure B4. Comparison of Atlantic thermohaline circulation (THC) or AMOC, reconstructed records based on proxy information coming from Northern Atlantic temperatures (Rahmstorf et al., 2015; R15) and models (Stocker and Schmittner, 1997; SS97) with the proposed experimental models and forecasts for the last 2 Kyr and future centuries.  (a) Comparison of AMOC(R15) reconstruction with a linear analogue transformation of the CRB SAT record, with a lag of ~670 yrs; (b) Comparison of AMOC(S97) adjusted forecasts associated with different levels of CO2 with a linear analogue transformation of the CRB SAT record, with a lag of ~670 yrs. 
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Figure B5. Modeling and forecast of the ice-raft debris (IRD) index. The IRD record (Bond et al., 2000) is modelled as a lagged response (lag=1050 yrs) of the tropical climate (Tcrb) signal based on Eq. 2.
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