Appendix D: Northern hemisphere temperature lags high northern latitude temperatures by around 70 yrs and consequently supports a forecast of cooling for the next three decades
Paleoclimatic records of the most recent million years show strong variability in the Arctic, and nearly synchronous variability of similar or smaller magnitude elsewhere. The timing of climate variability… shows that much of the global response is controlled by conditions at high northern latitudes.                             Resolved: The Arctic Controls Global Climate Change (Alley, 1995)
In this appendix we present evidences of lagged influences of the high northern latitude (HNL) climate [Arctic and northern forests temperature (TA, TNF)] over the Northern Hemisphere Temperature (NHT or T). Specifically, we present: a) reconstructed, simulated and observed records, b) evidences of T lags TA temperatures by multidecadal scales, b) evidences of T lags TNF by multidecadal scales, and c) an intercomparison of their consequent forecasts and a comparison with adjusted and extrapolated climate scenarios considering “zero emissions of CO2.” 
Background

More proxy information from different sources and locations around the world for global and hemispheric scale reconstructions has been included in recent studies (Jones and Mann, 2004; Moberg et al., 2005). These studies have been identifying more and more significant contributions in the low-frequency of climate oscillations (Moberg et al., 2005). These contributions emerged not only with the availability of more information, but also because of new analytic tools for processing climatic data to estimate large-scale averages preserving low frequencies (Christensen, 2010).  

On the one hand, the Arctic Summer Temperature (AST) record, TA, provided by Kaufman et al. (2009) (K09, hereafter) is one important example of synoptic and millennial scales climate reconstruction that preserves low-frequency oscillations. It is important because the HNL climate controls northern hemisphere temperature (NHT) and global temperatures (Alley, 1995). Since the Arctic also presents an amplified climate signal (Serreze et al., 2009), its study could help to more fully characterize climatic variability from reconstructed information than in any other region in the world. The enhanced Arctic warming relative to warming in mid-latitudes has been assessed by Francis and Vavrus (2012) who have pointed out the following: “The differential warming relative to mid-latitudes is the key linking the Arctic amplification with patterns favoring persistent weather conditions in mid-latitudes.” For instance, we have found that the last reconstruction of Arctic summer temperatures (K09) explains 75 and 88% of NHT variance, of the record provided by Jones and Mann (2004), for the last five and last two centuries, respectively. For this new climate reconstruction of the Arctic, the researchers compared information from lake sediments with previously published climate reconstructions of this region based on glacial ice cores and tree rings. Data from natural archives were calibrated against the instrumental temperature record (K09). This kind of reconstruction provides more information for reanalysis and specific comparison of the last century’s Arctic climate with respect to the previous climate. 

On the other hand, northern forest climate reconstructions have been developed by several dendro-chronological researchers. There are three important recent NF climate reconstructions from middle and HNL areas. Some of the main results have been developed by Darrigo et al. (2006), Esper et al. (2002), and Wilson et al. (2007) based on tree-ring information from the HNL areas. Although this kind of climate information has presented the divergence problem, that is, disagreement between the temperatures measured by thermometers (instrumental temperatures) and the temperatures reconstructed from latewood densities, or in some cases, widths of tree rings in far northern forests, some possible explanations have been provided related to delayed or nonlinear responses to recent rapid global warming, and delayed snowmelt and changes in seasonality (Darrigo et al., 2008). 
Data

Our analysis is based on important instrumental and proxy climate records. The climate reconstructed records preserve multicentennial climate variability. The following are the employed records:

a. The instrumental (HadCRUT4, 2016; HC4), THC4, record. 

b. The reconstructed, by Moberg et al. (2005; M05), T M05, record.
c. The reconstructed, by Kaufman et al. (2009; K09), Arctic surface temperature, TA, record. This record was obtained from 23 different proxies for the last 2,000 years (K09).
d. The northern forest temperature, TNF, reconstructed records, which are based on carefully selected tree-ring chronologies from many regions, reconstruct multicentennial NH high latitudes temperatures by D’Arrigo et al. (2006; D06), Esper et al. (2002; E02) and Wilson et al. (2007; W07), who employed the regional curve standarization (RCS) methods of analysis that preserve the low-frequency content of information from the trees (Briffa et al., 1996). However, in order to cover a range of possible variations we have also employed results from the standard method by D06.
e. The CMIP5 average runs for three different radiation level scenarios (2.6, 4.2, 6.2 and 8.5 W/m2). The CMIP5 average is coming from the following 39 models, ACCESS1-0, ACCESS1-3, bcc-csm1-1, BNU-ESM, CanESM2, CCSM4, CESM1-BGC, CESM1-CAM5, CMCC-CM, CMCC-CMS, CNRM-CM5, CSIRO-Mk3-6-0, EC-EARTH, FGOALS-g2, FIO-ESM, GFDL-CM3, GFDL-ESM2G, GFDL-ESM2M, GISS-E2-H, GISS-E2-H, GISS-E2-H, GISS-E2-R, GISS-E2-R, GISS-E2-R, HadGEM2-AO, HadGEM2-CC, HadGEM2-ES, inmcm4, IPSL-CM5A-LR, IPSL-CM5A-MR, IPSL-CM5B-LR, MIROC5, MIROC-ESM, MIROC-ESM-CHEM, MPI-ESM-LR, MPI-ESM-MR, MRI-CGCM3, NorESM1-M, and NorESM1-ME.

Analogue and lagged method

An analogue forecast method assumes the principle that the climate behaved in the past in such a way that if recent past conditions are similar to a far past situation, that far past behavior will be repeated (Namias, 1983). However, in order to take into account proxy contributions from different times, and different places, to the climatic variable T, here we extend the Namias analogue idea associated with a moving climate signal empirically modelled, with the following expression:
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where TM is the modelled record, TI is the input record, α is the amplification factor, δt is the temporal lag, β is the linear trend’s slope, t1 is the initial time for the modelled period and λT is the bias correction constant of temperature. 

However, a general adjustment algorithm was developed in FORTRAN to look for and/or confirm a global optimum solution. 
Results 
Here we present results regarding: a) Arctic Temperatures, b) northern forests temperatures, and their comparison and consequences.  
The Arctic lagged influences are analyzed based on: a) the reconstructed Arctic Summer Temperatures (AST) anomalies [°C], (K9), b) the Northern Hemisphere temperature (NHT) reconstructed record for the last 20 centuries (M5), and c) the Northern Hemisphere temperature instrumental record for the last 16 decades (HC4). These records are displayed in Fig. D1.
We extend the T(M05) record with the more recent values of the instrumental T(HC4), and develop a cross-correlation analysis between its extended NH temperature records and the Arctic record, TA, over two periods of interest: before 1050 AD and before 2000 AD. Results are displayed in Fig. D2. The cross-correlation shows main maximum peaks of lagged contributions between 52 and 62 yrs, and 40 and 80 yrs, for the first period and second periods of analysis, respectively. 

With these detected lags we adjust two models based on the TA record. One model based on TA lagged multidecadal influences is adjusted for the last millennia (with parameters of ampl=1.2, bias=-0.15, and slope=0.0003), with a consequent experimental extrapolation for the next decades. Fig. D3 displays two comparisons of the last two millennia and for the period from 900 to 1100 AD. 

Another model based on TA lagged multidecadal influences is also adjusted for the last millennia (with parameters of ampl=1.45, bias=-1.5, and slope=0.001), with a consequent experimental extrapolation for the next decades. Fig. D4 displays two comparisons of the last centuries and for the period from 1850 to 2070 AD. 

In order to make a comparison with the IPCC(2013) scenarios for the NHT, we compare our forecasted NHT of the last and future decades with CMIP NHT climate scenarios of different CO2 emission levels of 0, 2.6, 4, 6 and 8.5 [W/m2] for the 1850-2100 AD period. The 0 (zero) CO2 emission scenario was linearly extrapolated from the others evaluated from CMIP5 models’ runs. All these records are depicted in Fig. D5.
The northern forests lagged influences are analyzed based on: a) four reconstructed northern forests temperatures (TNF) anomalies [°C], obtained from thousands of trees for the last centuries (D06, E02 and W07), and b) the Northern Hemisphere temperature instrumental record for the last 16 decades (HadCRUT4, 2016; HC4). These records are displayed in Fig. D6. As the TNF records appear to be influenced by volcanic activity, the corresponding reconstructed record by Sigl et al. (2015) is also displayed.
In order to test our secondary hypothesis we develop a cross-correlation analysis between the instrumental NH temperature record (THC4) and the northern forest records, TNF. Results are displayed in Fig. D7. The cross-correlation shows the main maximum peaks of lagged contributions between 60 and 80 yrs. The maximum values correspond to the TNF developed by D06 with a regional approach [TNF (D06)]. 

With these detected lags we adjust four models based on TNF records (D06r, D06s, E02r, W07r). The TNF models explain 10, 20, 30 and 40% of the variance of the instrumental T(HC4) record. Fig. D8 displays comparisons of the T(HC4) record and its models based on TNF for the period for the last and future decades. 

With the same detected lags we adjust three statistical models based on TNF records (avg[D06s, E02r, W07r], avg+StdDev[D06s, E02r, W07r], and avg-StdDev[D06s, E02r, W07r]). The statistical TNF models explain 20, 30 and 40% of the variance of the instrumental T(HC4) record. Fig. D9 displays comparisons of the T(HC4) record and four of its models based on TNF (one from D06r and the three statistical) for the last and future decades. 

In order to make a comparison with the IPCC(2013) scenarios for the NHT, we compare our forecasted NHT, shown in Fig. D9, of the last and future decades with CMIP5 NHT climate scenarios of different CO2 emission levels of 0, 2.6, 4, 6 and 8.5 [W/m2], for the 1850-2100 AD period. The 0 (zero) CO2 emission scenario was linearly extrapolated from the others evaluated from CMIP5 models’ runs and appears to be the upper “envelope” of our forecasts. Both records of NHT, or T, records are displayed in Fig. D10.
An additional verification is provided with the comparison of another experimental NHT forecast based on the TNF (E02) record that after a linear adjustment with a lag of 1030 yrs  (Eq. D1) explains the THC4 instrumental record and forecast a decaying trend for the rest of this century. A comparison of this millennium scale lagged forecast, with a zoom of the forecasts shown in Fig. D10, is displayed in Fig. D11.  Considering the multidecadal lag detected, of around 70 yr, the 1030 yrs lag imply a 960 yr recurrence for the NF and consequently for the NH climates.
A final verification of the HLN records, based on TA and TNF records, is provided with the comparison of our two experimental forecasts previously obtained for the NHT; see it in Fig. D12. 
Discussion 
In this section we are going to discuss the following regarding the lagged responses of NH climate to polar and high latitude (HL) climates: 1) the polar amplification, 2) the connections with lower latitudes, and 3) their consequences. 
Firstly, the amplification of the AC oscillations is due to the following feedback (Serreze et al., 2009): as the climate warms (cools), the summer melt season lengthens and intensifies (shortens and diminishes), leading to less (more) sea ice at summer’s end, while summertime absorption of solar energy in open water increases (decreases) its sensible heat content, ice formation in autumn and winter is (is not) delayed, and a diminishing (enhancement) of insulation of warm waters enhanced (diminished) upward heat fluxes, with strong surface and low-troposphere warming (cooling); this vertical structure is enhanced by strong-low level stability (instability) which inhibits (promotes) vertical mixing, and also a loss (gain) of snow cover contributes to an amplified temperature response over northern land areas. 
Secondly, as part of the lagged response processes of the Earth’s climate system, both in forcing and variables, detected and modelled in this paper, we looked for and analyzed the NHT lagged response to NHL climates. As in Appendix A, we analyzed examples of climate inertia that are participating with lags from the multi-million to hundreds of years scales, and it seems reasonable to consider shorter lag times such as those of multidecadal scales. Specifically, we suppose and confirm the existence of Arctic-Northern hemispheric mechanisms that communicate perturbations from the Arctic toward the tropics as part of the “returning flow toward the tropics” that began a thousand of years earlier. For instance, during the medieval period, the lagged T(TA) adjusted model explains the reconstructed T(M05) record (see Fig. D3b) with a moving oceanic anomaly that influences first the Arctic and HNL, and later the entire Northern hemisphere.  

Thirdly, our modelling and forecast approach suggests the need to change our approaches in climate sciences. For instance, in 2004 JM04 pointed out: “the warmth of the late 20th has been unprecedented at the NH and, likely, global scales in at least a roughly two millennia (1800 years) context…..evidence provided by proxies of climate change over the past two millennia, combined with climate modelling over the past two millennia…..indicates that solar and volcanic forcing have likely played the dominant roles among the potential natural causes of climate variability. Neither can explain, however, the dramatic warming of the late 20th century;…Only anthropogenic influences (principally, the increases of GHG concentrations) are able to explain, from a causal point of view, the recent record high level of global temperatures during the late 20th century.” Here, however, with an empirical approach we have explained the recent high-level Northern Hemisphere temperatures during the late 20th century and early 21st century, as a lagged response to HNL climates.
It is important to emphasize the existence of millennium-scale recurrences (Schultz and Paul, 2002) in TNF (E02) that help us to explain the THC4 instrumental record during last decades and to forecast a decaying trend for the rest of this century, similar to that of the “zero” emissions CMIP5 (See Fig. D11).  

Conclusions

As Alley 1995 has proposed, and we have verified twice, much of the global response is controlled by conditions at high northern latitudes. 

Following the Alley (1995) proposals and taking into account all the previous findings of this work, we have proposed that an oceanic thermal signal that arrives in the Arctic from the tropics, is influencing, through air/water of atmospheric/oceanic currents, the HNL, Arctic (A) and northern forests (NF) climates before the northern hemisphere (NH) climate. In order to test this complementary hypothesis, we looked for, analyzed and modelled connections between these records. 

Taking into account all the previous findings of this work, we have proposed and verified that an oceanic thermal signal, which arrives in the Arctic from the tropics, is influencing the Arctic  and Northern Forest zonal climates before the NH climate. 
Our modelling and experimental forecast only take into account the lagged and adjusted TA and TNF reconstructed records to forecast NHT values for the next decades. This climatic lag is part  of complex climate responses to different forcings in different scales.
The HNL (TA and TNF) signals have shown to be very sensitive to climate variability, because as Serreze et al. (2009) have pointed out: “Arctic warming amplification is largely driven by loss of sea-ice cover.” It must be emphasized, however, that this positive feedback process also works vice versa, with an Arctic cooling amplification.

This NHT empirical modelling, achieved through linear and lagged analysis, has made it possible to simulate with past analogues the NH climate of the past century, mainly explaining the warming of the last decades, and to forecast, in an experimental way, a significant decrease in the NHT of around 0.5 °C for the next two decades. This forecasted minimum is of great interest not only for the terrestrial climate dynamics, but also for socio-economic planning, since climate variability has led to important impacts in different economic and social sectors of our societies around the world. 
Possible causes of the phenomena described, and explanations for the “divergence problem” and the “global warming present hiatus” were pointed out with the lagged climatic responses, and comparisons of results with other reconstructions and forecasts of hemispheric scale indexes have emphasized the importance of natural oceanic currents and their lagged influences on our climate. 
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Figure D1. Millennia-scale reconstructed Arctic Temperatures (TA) and northern Hemisphere temperatures (NHT or T). a) Reconstructed Arctic Summer Temperatures (AST) anomalies [°C], obtained from 23 different proxies for the last 2,000 years (Kaufman et al., 2009), Northern Hemisphere temperature (NHT) reconstructed record for the last 20 centuries (Moberg et al., 2005), and the Northern Hemisphere temperature instrumental record for the last 16 decades (HadCRUT4, 2016; HC4) expressed in anomalies and degrees Celsius, and b) a zoom of a) for the last 500 yrs. 
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Figure D2. Cross-correlation analysis between the Arctic and NH temperature records. The T(M05) is considered extended by the Ti(HC4) and is analyzed in their cross-correlations for different lags of the TA record in two periods of interest:  before 1050 AD and before 2000 AD.   
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Figure D3. A comparison of reconstructed HNT for the last 19 centuries, and its millennium-scale model based on TA lagged multidecadal influences adjusted for the last millennia (ampl=1.2, bias=-0.15, and slope=0.0003), with a consequent experimental extrapolation for the next decades; a) comparison of the last two millennia, and b) a zoom for the period from 900 to 1100 AD. 
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Figure D4. A comparison of reconstructed HNT and its model based on TA lagged multidecadal influences adjusted for the last five centuries (ampl=1.45, bias=-1.5, and slope=0.001), with a consequent experimental extrapolation for the next decades; a) comparison of the last five centuries, and b) a zoom for the period from 1850 to 2070 AD. 
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Figure D5. A comparison of measured, reconstructed and forecasted NHT of the last century. a) comparison of CMIP NHT climate scenarios for different CO2 emission levels of 0, 2.6, 4, 6 and 8.5 [W/m2] for the 1850-2100 AD period; b) same as a) but for the 1950-2100 AD period. The 0 (zero) CO2 emission scenario was linearly extrapolated from the others evaluated from CMIP5 models’ runs.
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Figure D6. Comparison of multicentennial-scale reconstructed northern forest temperatures and instrumental northern hemisphere temperatures. a) Reconstructed northern forest temperatures, TNF, anomalies [°C], obtained from tree-ring proxies for the last centuries by Darrigo et al. (2006), Esper et al. (2002), and by Wilson et al. (2007), and the Northern Hemisphere temperature instrumental record (HadCRUT4, 2016) for the last 16 decades, THC4, expressed in anomalies and degrees Celsius, and b) a zoom of a) for the last 500 yrs. Note: In a) a volcanic activity record (Sigl, 2015) is adjusted and displayed to indicate anomalies in the TNF records.
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Figure D7. Cross-correlation analysis between the NF and NH temperature records displayed in Fig. D6. The instrumental THC4 record is analyzed in its cross-correlations with the four TNF records.  The maxima correspond to lags located between 60 and 80 yrs.
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Figure D8. A comparison of reconstructed THC4 and its four models based on TNF lagged multidecadal influences (of around 70yrs) adjusted for the last centuries, with a consequent experimental extrapolation for the next decades; a) comparison for the period from 1850 to 2100 AD, and b) a zoom for the period from 1950 to 2070 AD. 
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Figure D9. A comparison of reconstructed THC4  and its simple (D06r) and integrated (D06s,E02r, and W07r) models based on TNF lagged multidecadal influences (of around 70yrs) adjusted for the last centuries, with a consequent experimental extrapolation for the next decades; a) comparison for the period from 1850 to 2100 AD, and b) a zoom for the period from 1950 to 2070 AD. 
[image: image18.emf]-1

0

1

2

3

4

5

1850 1900 1950 2000 2050 2100

Time [yr AD]

NH Temp. [°C]

T(HC4) T(D06r) Ta(D06sE02rW07r)

T[a-s](D06sE02rW07r) T[a+s](D06sE02rW07r) T(CMIP5_rcp2.6)

T(CMIP5_rcp4.5) T(CMIP5_rcp6.0) T(CMIP5_rcp8.5)

T(CMIP5_rcp0.0)


Figure D10. A comparison of NHT forecasted records based on NF, TNF, individual and integrated records, with CMIP5 NHT climate scenarios for different CO2 emission levels of 0, 2.6, 4, 6 and 8.5 [W/m2] for the 1850-2100 AD period.
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Figure D11. A comparison of measured, modeled and forecasted NHT, or T, records of the last and future centuries. a) comparison of NHT forecasted records based on NF, TNF, individual and integrated records, with NHT measured records and CMIP5 NHT climate scenarios for different CO2 emission levels of 0, 2.6, 4, 6 and 8.5 [W/m2] for the 1950-2100 AD period; b) comparison of NHT forecasted records based on the NF record developed by E02, linearly adjusted and lagged 1030 yrs.
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Figure D12. A comparison of modelled NHT record based on reconstructed and lagged TA and TNF reconstructed records. a) Comparison of T(TA) and T (TNF) based on the simple (D06r), and b) Comparison of T(TA) and T (TNF) based on the integrated (D06s, E02r, and W07r) models.  
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