Appendix C: Sea level (SL) lags (~1600 yr) continental tropical climate (CTC)

In this Appendix we are going to: a) present SL reconstructed records and their verification and adjustment, b) propose and apply a model for SL variations in term of the lagged influences of CTC variations and their verification with their recurrences, and c) their consequent forecast.

The Holocene sea level record

Primarily, we have chosen the Sidall et al. (2003; hereafter S03) SL reconstruction for the Holocene and previous periods, because it is based on isotopic information coming from Red Sea sediments and a multi-layer hydraulic model that considers evaporation due to high surface temperatures. Complementarily, we selected the classic Fairbridge curve (FC), which is a record of changes in sea levels over the past 10,000 years (Fairbridge, 1961; hereafter F61). The FC, which is based on geological information on reefs and shorelines and the effects of climate change upon them, shows periodic dips and spikes in levels against a larger trend of rising ocean waters for the Holocene. Although the FC was developed more than 50 years ago, it was selected because its author also developed many excellent works and an encyclopedic knowledge of not only geology and sea levels, but also paleo-climates, paleo-environments, sedimentary geology, and solar system dynamics (Rampino, et al., 1987; Finkl, 1995). Both records are displayed in Fig. C1. Before their detailed comparison, we calculate trends of both SL(F61) and SL(S03) records, and Fig. C1 displays these trends.

A comparison of the detrended SL(F61) and SL(S03) records was developed. The SL(S03) record was compared with the adjusted SL(F61). Two adjustments were applied to the SL(F61), to force the match between those records. Firstly, a temporal reduction factor of 0.97 was applied in order to minimize the RMS errors. This adjustment is justified due to the well known 14C dating limitations in the 1950s of the data employed in the S(F61) reconstruction. Secondly, a constant bias correction of the detrended value of SL(F61) was conducted for the period 6-1.8 Kyr BP.
The final verification/comparison process is displayed in Fig. C2.

As we have mentioned in the main part of this article, we have selected the Congo River basin surface air temperature (CRB-SAT) signal, or T, as one of the records of regional climate most influenced by the forcing of the sun. This T record is a continental tropical climate (CTC) that is also influenced by volcanic activity. Additionally, it must be emphasized that volcanic influences could be developed not only through blockage of atmospheric radiation effects, but also through the deposition of ashes in CRB soils (Weijers, 2011).

Simple models for lagged climate connections

To take into account the lagged response of sea level to tropical climate variations, we propose the following expression:
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(C.1)

where, S is the sea-level values, T is the MAT-CRB values, 
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 is a linear modulation factor (>0 due to the positive, in general, correlation between T and SL changes), δ is a time lag (>0),  β is the temporal slope, γ is the additive constant, t1  is the initial times for the modeled periods, and e(t) is the error. 

To take into account the recurrent process of sea levels, we propose the following expression:
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(C.2)

where, S is the sea-level values, 
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 is a linear modulation factor (>0 due to the positive, in general, correlation between T and SL changes), δS is a time lag (>0), 
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 is the temporal slope, γS is the additive constant, t1  is the initial times for the modeled periods, and eS (t) is the corresponding error. 
We applied Eq. C.1 to adjust a lagged CTC influence on the SL record. However, an additional adjustment was applied to the S model to take into account potential negative values of 
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 during relatively short periods, when the T increase appears to cause not a warming of sea water, but a possible ice and iceberg melting with a corresponding decrease of deep-sea temperatures and a decrease in SL. These periods (7.7 to 4.7 Kyr BP) are located in time, after a persisting cooling period. The corresponding graphics of these adjustments, with and without melting effects, are displayed in Fig. C3.  

A possible explanation for this SL adjustment is an anomalous melting period (7 to 5 Kyr BP) detected with the anomalous Ice-rafted debris differences between reconstructed and modeled records, presented in the Appendix B. 

Verification and final adjustment of results

In order to corroborate our model (and test our hypothesis), firstly, we verified the SL(T) model.

To do so, we applied Eq. C.2 to adjust a recurrence of the SL record. A lag of 9600 years and linear adjustment were applied to the S analogue model to explain the last millennia and to extrapolate it forward in time. Fig. C4 presents a comparison of the model based on tropical CTC information, with the analogue model S(S03) record, lagged 9600 years and linearly adjusted.  

This comparison constitutes a verification of the SL (or S) modeling proposed as a lagged response of CTC variability. The verification with the lagged SL record appears necessary because the CTC response to the 1258 AD mega-volcanic-eruption seems to be influencing the initial low temperatures but also, ~15 centuries later, a magnified decrease of sea level.

Finally, and based on another SL record of the last millennia from Kemp et al. (2011; hereafter K11), an adjustment of our SL model was applied for its recent and future values with a conservative reduction factor of 0.42. The comparison is shown in Fig. C5. 

Our non-adjusted and adjusted results suggest that the present increase in SL is going to end in the next decades, and will be followed by a decreasing trend in sea levels toward a value of 4 or 1 [m] below the present SL by 4000 AD, with  oscillations of around +/-1.6 or 0.4 [m], respectively. 
Additional comparison and verification of the SL millennia-scale experimental forecast 

In order to compare and verify our SL model that explains the last millennia of the SL record, and forecasts a decrease of values for the next millennia, we selected a recent forecast, based on physical modelling, developed by Gomez et al. (2015; hereafter G15). See Fig. C6. 
These authors have pointed out that: “we use a coupled ice sheet–sea-level model to investigate the impact of the feedback mechanism on future Antarctic ice sheet retreat over centennial and millennial timescales for a range of emission scenarios.” We select their simulations over the next 5kyr corresponding to an Earth model of a low-viscosity zone and to the increasing CO2 to 2 and 4 times of preindustrial levels (280 ppmv) over a continuous time-ramp of 1kyr. 
We linearly extrapolate these two SL scenarios to obtain the scenario correspondent to 0 (zero) CO2 increase. Our recurrent forecast of SL compares very closely with the adjusted SL extrapolated scenarios based on G15 results. The adjusted SL(G15), with simple bias adjustment of +0.7m, and the analogue SL(linearly adjusted and lagged 9400 yrs), are shown in Fig. C6b.

We can compare our recurrent model for the SL of around -1 m as the minimum for the next 4000 yrs with the forecasted values by complex physically based models for the SL of around +4 and +1.5 m as the maximum for the next 4000 yrs, for the 2 and 4 times preindustrial concentrations of CO2, respectively (Gomez et al., 2015). However, if we accept the evaluated linear extrapolation of these scenarios, we can estimate, based on a linear extrapolation to the “zero” additional emission of CO2, a lower SL minimum of around -1 m for the next four millennia. All of these physically modeled and empirically extrapolated results are displayed in Fig. C6b.
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Figure C1.  Millennia-scale reconstructed records of relative sea-level, S, by a) Sidall et al. (2003), S(S03), and b) Fairbridge (1961), S(F61). Polynomials trends are also displayed.
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Figure C2.  Comparison of two sea-level records: the S(S03) and the adjusted S(F61). Two adjustments were applied to the S(F61) reconstruction: a time reduction factor (0.89) and a simple constant bias adjustment between 5 and 3.8 Kyr BP. The adjusted S(F61) reconstruction shows a very good match with the S(S03) record.
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Figure C3.  Comparison reconstructed and modelled sea-level records. The reconstructed record is developed by S03, and is compared with the lagged linear analogue transformation of the CRB SAT record. The CRB SAT record is shown a) without and b) with an adjustment of change of sign in the temporal ranges from 7.4 to 6.8 and 5.8 to 5 Kyr BP. 
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Figure C4. Comparison of reconstructed and modelled sea-level records. The reconstructed record is developed by S03, and is compared with the smoothed linear analogue transformation of the CRB SAT record and with a lag of ~1500 yrs and partially non-linearly adjusted (see Fig. C3), and an analogue (linear transformation and trend adjustment) model based on the same S03 record with a lag of 9.6 Kyrs. 
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Figure C5.  Comparison/calibration of results shown in Fig. C4 with other SL reconstructions (Kemp et al., 2011). The graphics shows two scales for the SL: one is the original S03 SL scale (left), and the other is the adjusted one (right) with a recent published reconstruction (dots and the linear trend depicted, and the right scale are taken from Kemp et al., 2007).
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Figure C6. Comparison of sea level (SL) reconstructed by S03, with models and forecasts for the last and future millennia. (a) A comparison with a linear analogue transformation of the CRB SAT record, with a lag of ~1500 yrs, and an analogue model based on the same S03 record, with a lag of 9.6 Kyrs. The diagrams show two scales for the SL: one is the original S03 SL scale (left), and the other is the adjusted scale based on a recent published reconstruction (see Fig. C5.); (b) A comparison with an analogue model based on the same S03 record, with a lag of 9.6 Kyrs, and with three models of SL for the next millennia from Gomez et al. (2015), for different CO2 scenarios.
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