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Ocean 2k metadatabase of marine 
paleoclimate proxies 
•  www.pages-igbp.org/workinggroups/ocean2k/metadatabase 

•  Selection criteria 
•  Only marine archives 
•  Published in peer-reviewed journals 
•  Present in publicly available data repositories 
•  Span a portion of the last two millennia 

•  14C date or tephra 
•  Undisturbed coretop sediment (multicore or pilot core) 

•  Minimum average sample resolution of 1 every 200 years 
 
Goal: Investigate SST variability and uncertainty over the past 
2000 years and compare with realistically forced AOGCMs 



High and low resolution Atlantic proxies 
•  Low resolution: 

•  Decadal-centennial resolution 
•  Sedimentary records  

•  Primarily Mg/Ca, alkenone Uk37, faunal assemblages 
•  N=42 in the Atlantic (North Atlantic n=40; South Atlantic n=2) 

• High resolution: 
•  Monthly-annual resolution 
•  Coral and sclerosponge records 

•  Primarily Sr/Ca, δ18O, growth rate 
•  N=25 in the Atlantic (primarily Caribbean 



High Resolution SST proxies 
What is the fingerprint of AMOC variability? 

THC strengths for the next 35 years (Figure 4c). All the
members of this ensemble show a downturn in the strength
of the THC within a decade of the present day, suggesting
that the THC is currently at or near a peak and likely to
diminish thereafter. Further, each analogue segment
becomes negative in the next 3 decades, reaching an
average minimum of !0.70 Sv, similar to reconstructed
levels for the minima of the 1910s and 1970s.

5. Discussion and Conclusions

[8] Our 1400 year model simulation exhibits multidecadal
climate variability with a similar pattern and amplitude to
that of the AMO in observations. Together with the
similarity of the simulated 70–120 year period to the
observed 65 year period, and the range of periods derived
from palaeodata (40–130 years) [Delworth and Mann,
2000; Gray et al., 2004], this suggests the model simulates
a realistic AMO. Its presence over many centuries in the
model supports the suggestion from observations and proxy
data that the AMO is a genuine repeating mode of global-
scale internal climate variability. This is consistent with
analyses showing the lack of a forced AMO signal in the
ensemble of 1860–2000 HadCM3 simulations used by Stott
et al. [2000], which otherwise accounts for almost all

observed global-scale temperature variability by natural
and anthropogenic forcings.
[9] The results also highlight the likelihood of a link

between the AMO and the strength of the THC. Further
evidence of this link comes from a 580 year experiment
with a version of our model with the same atmospheric
formulation but representing only the top 50 m of the ocean.
This does not possess an AMO, demonstrating that the deep
ocean is necessary to produce the AMO. The mechanism of
the simulated AMO-THC mode is diagnosed fully by
Vellinga and Wu [2004].

Figure 3. Joint MTM-SVD analysis of simulated decadal
mean surface temperature and Atlantic overturning stream-
function for model years 400 to 900. Panels a–d show the
signal in surface temperature anomaly in the frequency band
from (70 years)!1 to (180 years)!1, at phases of 0!, 60!,
120!, 180! respectively. Zero phase corresponds to max-
imum mean Northern Hemisphere temperature. Panels e–h
show the corresponding phases of the covarying signal in
streamfunction anomaly in the same band. In panel e, the
climatological streamfunction is shown by contours, such
that the mean THC and anomalous THC strength are
positive (clockwise). Negative contours are dashed.

Figure 4. (a) Cross-correlations of decadal global (solid
curve) and Northern Hemisphere (dotted) mean surface
temperatures with the THC index for 1400 years of
simulation. 95% confidence limits are shown as dotted
horizontal lines. Negative values on the abscissa indicate
temperature leading the THC. (b) Decadal THC anomalies
(Sv) for the 50 decades used in Figure 3 as a function of a
normalised index of mean northern North Atlantic SST
anomaly (points). The index is an area-average (100!W–
20!E, 35!–80!N) weighted by the local signal to noise
variance ratio to reduce the influence of noisy marginal
areas. The least-squares fit (thick line) is also a good fit for
the remaining 900 years. 85% confidence intervals of the
residuals are shown by thin curves. (c) Reconstruction of
the THC (thick curve) and its uncertainty limits (thin
curves), inferred using the regression and residual limits in
Figure 4b and quadratically detrended running decadal
mean SSTs from HadISST. The observed SSTs are
weighted, meaned and normalised as the model SSTs.
Dates refer to decadal mid-points. Also shown are the 8
forecast segments corresponding to the model THC after
rises through the reconstructed 1993–2002 value (0.63 Sv).
Assuming an AMO period closer to the 65 years estimated
from observations than the 100 years in the simulation, the
segments are contracted so 6 decades of model THC
produce a forecast for 35 years. Upward- and downward-
pointing triangles denote maxima and minima respectively
of the THC ensemble members.
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THC strengths for the next 35 years (Figure 4c). All the
members of this ensemble show a downturn in the strength
of the THC within a decade of the present day, suggesting
that the THC is currently at or near a peak and likely to
diminish thereafter. Further, each analogue segment
becomes negative in the next 3 decades, reaching an
average minimum of !0.70 Sv, similar to reconstructed
levels for the minima of the 1910s and 1970s.

5. Discussion and Conclusions

[8] Our 1400 year model simulation exhibits multidecadal
climate variability with a similar pattern and amplitude to
that of the AMO in observations. Together with the
similarity of the simulated 70–120 year period to the
observed 65 year period, and the range of periods derived
from palaeodata (40–130 years) [Delworth and Mann,
2000; Gray et al., 2004], this suggests the model simulates
a realistic AMO. Its presence over many centuries in the
model supports the suggestion from observations and proxy
data that the AMO is a genuine repeating mode of global-
scale internal climate variability. This is consistent with
analyses showing the lack of a forced AMO signal in the
ensemble of 1860–2000 HadCM3 simulations used by Stott
et al. [2000], which otherwise accounts for almost all

observed global-scale temperature variability by natural
and anthropogenic forcings.
[9] The results also highlight the likelihood of a link

between the AMO and the strength of the THC. Further
evidence of this link comes from a 580 year experiment
with a version of our model with the same atmospheric
formulation but representing only the top 50 m of the ocean.
This does not possess an AMO, demonstrating that the deep
ocean is necessary to produce the AMO. The mechanism of
the simulated AMO-THC mode is diagnosed fully by
Vellinga and Wu [2004].

Figure 3. Joint MTM-SVD analysis of simulated decadal
mean surface temperature and Atlantic overturning stream-
function for model years 400 to 900. Panels a–d show the
signal in surface temperature anomaly in the frequency band
from (70 years)!1 to (180 years)!1, at phases of 0!, 60!,
120!, 180! respectively. Zero phase corresponds to max-
imum mean Northern Hemisphere temperature. Panels e–h
show the corresponding phases of the covarying signal in
streamfunction anomaly in the same band. In panel e, the
climatological streamfunction is shown by contours, such
that the mean THC and anomalous THC strength are
positive (clockwise). Negative contours are dashed.

Figure 4. (a) Cross-correlations of decadal global (solid
curve) and Northern Hemisphere (dotted) mean surface
temperatures with the THC index for 1400 years of
simulation. 95% confidence limits are shown as dotted
horizontal lines. Negative values on the abscissa indicate
temperature leading the THC. (b) Decadal THC anomalies
(Sv) for the 50 decades used in Figure 3 as a function of a
normalised index of mean northern North Atlantic SST
anomaly (points). The index is an area-average (100!W–
20!E, 35!–80!N) weighted by the local signal to noise
variance ratio to reduce the influence of noisy marginal
areas. The least-squares fit (thick line) is also a good fit for
the remaining 900 years. 85% confidence intervals of the
residuals are shown by thin curves. (c) Reconstruction of
the THC (thick curve) and its uncertainty limits (thin
curves), inferred using the regression and residual limits in
Figure 4b and quadratically detrended running decadal
mean SSTs from HadISST. The observed SSTs are
weighted, meaned and normalised as the model SSTs.
Dates refer to decadal mid-points. Also shown are the 8
forecast segments corresponding to the model THC after
rises through the reconstructed 1993–2002 value (0.63 Sv).
Assuming an AMO period closer to the 65 years estimated
from observations than the 100 years in the simulation, the
segments are contracted so 6 decades of model THC
produce a forecast for 35 years. Upward- and downward-
pointing triangles denote maxima and minima respectively
of the THC ensemble members.
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THC strengths for the next 35 years (Figure 4c). All the
members of this ensemble show a downturn in the strength
of the THC within a decade of the present day, suggesting
that the THC is currently at or near a peak and likely to
diminish thereafter. Further, each analogue segment
becomes negative in the next 3 decades, reaching an
average minimum of !0.70 Sv, similar to reconstructed
levels for the minima of the 1910s and 1970s.

5. Discussion and Conclusions

[8] Our 1400 year model simulation exhibits multidecadal
climate variability with a similar pattern and amplitude to
that of the AMO in observations. Together with the
similarity of the simulated 70–120 year period to the
observed 65 year period, and the range of periods derived
from palaeodata (40–130 years) [Delworth and Mann,
2000; Gray et al., 2004], this suggests the model simulates
a realistic AMO. Its presence over many centuries in the
model supports the suggestion from observations and proxy
data that the AMO is a genuine repeating mode of global-
scale internal climate variability. This is consistent with
analyses showing the lack of a forced AMO signal in the
ensemble of 1860–2000 HadCM3 simulations used by Stott
et al. [2000], which otherwise accounts for almost all

observed global-scale temperature variability by natural
and anthropogenic forcings.
[9] The results also highlight the likelihood of a link

between the AMO and the strength of the THC. Further
evidence of this link comes from a 580 year experiment
with a version of our model with the same atmospheric
formulation but representing only the top 50 m of the ocean.
This does not possess an AMO, demonstrating that the deep
ocean is necessary to produce the AMO. The mechanism of
the simulated AMO-THC mode is diagnosed fully by
Vellinga and Wu [2004].
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signal in surface temperature anomaly in the frequency band
from (70 years)!1 to (180 years)!1, at phases of 0!, 60!,
120!, 180! respectively. Zero phase corresponds to max-
imum mean Northern Hemisphere temperature. Panels e–h
show the corresponding phases of the covarying signal in
streamfunction anomaly in the same band. In panel e, the
climatological streamfunction is shown by contours, such
that the mean THC and anomalous THC strength are
positive (clockwise). Negative contours are dashed.

Figure 4. (a) Cross-correlations of decadal global (solid
curve) and Northern Hemisphere (dotted) mean surface
temperatures with the THC index for 1400 years of
simulation. 95% confidence limits are shown as dotted
horizontal lines. Negative values on the abscissa indicate
temperature leading the THC. (b) Decadal THC anomalies
(Sv) for the 50 decades used in Figure 3 as a function of a
normalised index of mean northern North Atlantic SST
anomaly (points). The index is an area-average (100!W–
20!E, 35!–80!N) weighted by the local signal to noise
variance ratio to reduce the influence of noisy marginal
areas. The least-squares fit (thick line) is also a good fit for
the remaining 900 years. 85% confidence intervals of the
residuals are shown by thin curves. (c) Reconstruction of
the THC (thick curve) and its uncertainty limits (thin
curves), inferred using the regression and residual limits in
Figure 4b and quadratically detrended running decadal
mean SSTs from HadISST. The observed SSTs are
weighted, meaned and normalised as the model SSTs.
Dates refer to decadal mid-points. Also shown are the 8
forecast segments corresponding to the model THC after
rises through the reconstructed 1993–2002 value (0.63 Sv).
Assuming an AMO period closer to the 65 years estimated
from observations than the 100 years in the simulation, the
segments are contracted so 6 decades of model THC
produce a forecast for 35 years. Upward- and downward-
pointing triangles denote maxima and minima respectively
of the THC ensemble members.
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THC strengths for the next 35 years (Figure 4c). All the
members of this ensemble show a downturn in the strength
of the THC within a decade of the present day, suggesting
that the THC is currently at or near a peak and likely to
diminish thereafter. Further, each analogue segment
becomes negative in the next 3 decades, reaching an
average minimum of !0.70 Sv, similar to reconstructed
levels for the minima of the 1910s and 1970s.

5. Discussion and Conclusions

[8] Our 1400 year model simulation exhibits multidecadal
climate variability with a similar pattern and amplitude to
that of the AMO in observations. Together with the
similarity of the simulated 70–120 year period to the
observed 65 year period, and the range of periods derived
from palaeodata (40–130 years) [Delworth and Mann,
2000; Gray et al., 2004], this suggests the model simulates
a realistic AMO. Its presence over many centuries in the
model supports the suggestion from observations and proxy
data that the AMO is a genuine repeating mode of global-
scale internal climate variability. This is consistent with
analyses showing the lack of a forced AMO signal in the
ensemble of 1860–2000 HadCM3 simulations used by Stott
et al. [2000], which otherwise accounts for almost all

observed global-scale temperature variability by natural
and anthropogenic forcings.
[9] The results also highlight the likelihood of a link

between the AMO and the strength of the THC. Further
evidence of this link comes from a 580 year experiment
with a version of our model with the same atmospheric
formulation but representing only the top 50 m of the ocean.
This does not possess an AMO, demonstrating that the deep
ocean is necessary to produce the AMO. The mechanism of
the simulated AMO-THC mode is diagnosed fully by
Vellinga and Wu [2004].

Figure 3. Joint MTM-SVD analysis of simulated decadal
mean surface temperature and Atlantic overturning stream-
function for model years 400 to 900. Panels a–d show the
signal in surface temperature anomaly in the frequency band
from (70 years)!1 to (180 years)!1, at phases of 0!, 60!,
120!, 180! respectively. Zero phase corresponds to max-
imum mean Northern Hemisphere temperature. Panels e–h
show the corresponding phases of the covarying signal in
streamfunction anomaly in the same band. In panel e, the
climatological streamfunction is shown by contours, such
that the mean THC and anomalous THC strength are
positive (clockwise). Negative contours are dashed.

Figure 4. (a) Cross-correlations of decadal global (solid
curve) and Northern Hemisphere (dotted) mean surface
temperatures with the THC index for 1400 years of
simulation. 95% confidence limits are shown as dotted
horizontal lines. Negative values on the abscissa indicate
temperature leading the THC. (b) Decadal THC anomalies
(Sv) for the 50 decades used in Figure 3 as a function of a
normalised index of mean northern North Atlantic SST
anomaly (points). The index is an area-average (100!W–
20!E, 35!–80!N) weighted by the local signal to noise
variance ratio to reduce the influence of noisy marginal
areas. The least-squares fit (thick line) is also a good fit for
the remaining 900 years. 85% confidence intervals of the
residuals are shown by thin curves. (c) Reconstruction of
the THC (thick curve) and its uncertainty limits (thin
curves), inferred using the regression and residual limits in
Figure 4b and quadratically detrended running decadal
mean SSTs from HadISST. The observed SSTs are
weighted, meaned and normalised as the model SSTs.
Dates refer to decadal mid-points. Also shown are the 8
forecast segments corresponding to the model THC after
rises through the reconstructed 1993–2002 value (0.63 Sv).
Assuming an AMO period closer to the 65 years estimated
from observations than the 100 years in the simulation, the
segments are contracted so 6 decades of model THC
produce a forecast for 35 years. Upward- and downward-
pointing triangles denote maxima and minima respectively
of the THC ensemble members.
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THC strengths for the next 35 years (Figure 4c). All the
members of this ensemble show a downturn in the strength
of the THC within a decade of the present day, suggesting
that the THC is currently at or near a peak and likely to
diminish thereafter. Further, each analogue segment
becomes negative in the next 3 decades, reaching an
average minimum of !0.70 Sv, similar to reconstructed
levels for the minima of the 1910s and 1970s.

5. Discussion and Conclusions

[8] Our 1400 year model simulation exhibits multidecadal
climate variability with a similar pattern and amplitude to
that of the AMO in observations. Together with the
similarity of the simulated 70–120 year period to the
observed 65 year period, and the range of periods derived
from palaeodata (40–130 years) [Delworth and Mann,
2000; Gray et al., 2004], this suggests the model simulates
a realistic AMO. Its presence over many centuries in the
model supports the suggestion from observations and proxy
data that the AMO is a genuine repeating mode of global-
scale internal climate variability. This is consistent with
analyses showing the lack of a forced AMO signal in the
ensemble of 1860–2000 HadCM3 simulations used by Stott
et al. [2000], which otherwise accounts for almost all

observed global-scale temperature variability by natural
and anthropogenic forcings.
[9] The results also highlight the likelihood of a link

between the AMO and the strength of the THC. Further
evidence of this link comes from a 580 year experiment
with a version of our model with the same atmospheric
formulation but representing only the top 50 m of the ocean.
This does not possess an AMO, demonstrating that the deep
ocean is necessary to produce the AMO. The mechanism of
the simulated AMO-THC mode is diagnosed fully by
Vellinga and Wu [2004].
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120!, 180! respectively. Zero phase corresponds to max-
imum mean Northern Hemisphere temperature. Panels e–h
show the corresponding phases of the covarying signal in
streamfunction anomaly in the same band. In panel e, the
climatological streamfunction is shown by contours, such
that the mean THC and anomalous THC strength are
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Figure 4. (a) Cross-correlations of decadal global (solid
curve) and Northern Hemisphere (dotted) mean surface
temperatures with the THC index for 1400 years of
simulation. 95% confidence limits are shown as dotted
horizontal lines. Negative values on the abscissa indicate
temperature leading the THC. (b) Decadal THC anomalies
(Sv) for the 50 decades used in Figure 3 as a function of a
normalised index of mean northern North Atlantic SST
anomaly (points). The index is an area-average (100!W–
20!E, 35!–80!N) weighted by the local signal to noise
variance ratio to reduce the influence of noisy marginal
areas. The least-squares fit (thick line) is also a good fit for
the remaining 900 years. 85% confidence intervals of the
residuals are shown by thin curves. (c) Reconstruction of
the THC (thick curve) and its uncertainty limits (thin
curves), inferred using the regression and residual limits in
Figure 4b and quadratically detrended running decadal
mean SSTs from HadISST. The observed SSTs are
weighted, meaned and normalised as the model SSTs.
Dates refer to decadal mid-points. Also shown are the 8
forecast segments corresponding to the model THC after
rises through the reconstructed 1993–2002 value (0.63 Sv).
Assuming an AMO period closer to the 65 years estimated
from observations than the 100 years in the simulation, the
segments are contracted so 6 decades of model THC
produce a forecast for 35 years. Upward- and downward-
pointing triangles denote maxima and minima respectively
of the THC ensemble members.
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HadCM3 1400 year 
control run 
 
Strong AMOC: 
•  Warm N. Atl 
•  Cool S. Atl 

Weak AMOC 
•  Cool N. Atl 
•  Warm S. Atl 

Knight et al. 2005 



ERSST v3b SSTa AMO+ minus AMO- 
•  Atlantic Multidecal Variability shows 

similar dipole pattern 
•  Strongest response in the subpolar 

gyre 
 
Warm N. Atl proxy SST may reflect 

enhanced multidecadal AMOC 
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High Resolution SST proxies 
What is the fingerprint of AMOC variability? 



Distribution of High Resolution Proxy 
Records in the Metadatabase 

Total n=25 
E. Caribbean n =8 
W. Caribbean n =2 
Florida n =2 
Bahamas n=3 
Bermuda n =6 
East Atlantic n =3 
Maine n=1 

Google Earth 6.1 



Google Earth 6.1 

Challenges: 
 Limited to low latitude 
 North Atlantic 

 
 No Southern Hemisphere 
 No subpolar gyre 



All High Resolution proxy records 
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Reduce high res 
data to annual 
and normalize 



Composite of High Res records 

•  Compute annual 
averages of 
normalized data 

•  Include only years 
with at least 2 
records 

 
•  Coolest SST 

1600-1800 C.E. 
•  Hints of AMO-like 

variability 
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Multidecadal variability in proxies 
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•  Construct proxy-based 
AMO index 

•  Assume (for now) that 
externally-forced SST 
follows 3rd order 
polynomial and remove 
this trend 
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Proxy-based AMO 

95% c.i. 

•  Significantly coherent and 180º out 
of phase at periods > ~15 years 

•  Proxy index may be representative 
of Atlantic Multidecadal Variability 
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Spectral analysis 
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Hosing experiments: 
•  similar SST responses to AMOC weakening 

amongst models 
•  Hemispheric dipole 
•  Strong subpolar gyre response 

FIG. 1. Results from the coupled model using the OGCM: (a) Time series of the max Atlantic THC (max value
of the annual Eulerian mean overturning streamfunction over the domain 30°–80°N in the North Atlantic) in the
control and perturbed experiments, respectively. (b) Annual mean atmospheric and ocean heat transport anomaly
(PW), along with the climatological atmospheric and ocean heat transport (PW) (averaged from years 21 to 60 of
the control experiment). The “anomaly” is defined as the 40-yr (from years 21 to 60) averaged difference (per-
turbed ! control). (c) Annual mean SST anomaly (K). Brown crosses mark the location of paleoproxies of SST in
the tropical Pacific (Lea et al. 2000; Koutavas et al. 2002). (d) Annual mean precipitation anomaly (m yr!1). The
blue contour is the annual mean SLP anomaly with an interval of 0.4 hPa. The brown crosses mark the location of
paleoproxies of precipitation at the Cariaco Basin (Peterson et al. 2000), northeastern Brazil (Wang et al. 2004),
and the northeastern tropical Pacific (Benway et al. 2004). (e) Annual mean zonal averaged P ! E anomaly (m
yr!1), along with the climatological value (m yr!1). (f) Annual mean zonal integrated atmosphere streamfunction
anomaly (109 kg s!1). (g) Anomalous pressure vertical velocity ("; Pa s!1) averaged over the Atlantic (50°W–0°);
negative values indicate upward motion. (h) Same as in (g), but averaged over the eastern Pacific (150°–100°W).
The anomalies are significant at the 95% level in area without shadow and are not significant at the 95% level in
area with shadow with Student’s t test.

15 JUNE 2005 L E T T E R S 1855

FIG. 1. Results from the coupled model using the OGCM: (a) Time series of the max Atlantic THC (max value
of the annual Eulerian mean overturning streamfunction over the domain 30°–80°N in the North Atlantic) in the
control and perturbed experiments, respectively. (b) Annual mean atmospheric and ocean heat transport anomaly
(PW), along with the climatological atmospheric and ocean heat transport (PW) (averaged from years 21 to 60 of
the control experiment). The “anomaly” is defined as the 40-yr (from years 21 to 60) averaged difference (per-
turbed ! control). (c) Annual mean SST anomaly (K). Brown crosses mark the location of paleoproxies of SST in
the tropical Pacific (Lea et al. 2000; Koutavas et al. 2002). (d) Annual mean precipitation anomaly (m yr!1). The
blue contour is the annual mean SLP anomaly with an interval of 0.4 hPa. The brown crosses mark the location of
paleoproxies of precipitation at the Cariaco Basin (Peterson et al. 2000), northeastern Brazil (Wang et al. 2004),
and the northeastern tropical Pacific (Benway et al. 2004). (e) Annual mean zonal averaged P ! E anomaly (m
yr!1), along with the climatological value (m yr!1). (f) Annual mean zonal integrated atmosphere streamfunction
anomaly (109 kg s!1). (g) Anomalous pressure vertical velocity ("; Pa s!1) averaged over the Atlantic (50°W–0°);
negative values indicate upward motion. (h) Same as in (g), but averaged over the eastern Pacific (150°–100°W).
The anomalies are significant at the 95% level in area without shadow and are not significant at the 95% level in
area with shadow with Student’s t test.
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greatest cooling occurs in the FW experiments that may
contribute 1!C to the cool anomalies. While centered in
the northern North Atlantic, the cool anomalies extend
as far south as 10!N in the Atlantic. Outside of the
Atlantic basin, there are no statistically significant SST
anomalies. Surface-air temperatures (SATs) exhibit a
similar response (Fig. 4, bottom). In the northern North
Atlantic, SAT decreases by up to 8!C. This anomaly is
centered just south of Greenland. The cooling extends

through northern Africa. Interestingly, both the SST
and SAT of the Barents Sea region warm during the
freshwater forcing experiments as a result of decreased
sea ice in the Barents region. The Barents Sea warming
and sea ice reduction could be sensitive to the location in
which the freshwater is applied, as the warming occurs
north of the region into which freshwater was intro-
duced. The pattern of sea ice anomalies produced by the
freshwater forcing, namely increased sea ice south of
Greenland and decreased sea ice in the Barents Sea, is
reminiscent of the 9–10 year sea ice oscillations, noted
by Venegas and Mysak (2000), based on century-long
North Atlantic sea-ice records. The model response
shows an increase in the strength of the Norwegian
Current, which Venegas and Mysak (2000) identify as a
likely mechanism for decreasing sea-ice concentrations
in the Barents Sea.

3.1.2 Tropical Atlantic results

The cooling of the North Atlantic decreases in magni-
tude from high to low latitudes. The gradient of SST
anomalies, with cooling to the north and warming to the
south, is steep in the western tropical Atlantic and more
gradual in the eastern tropical Atlantic. SSTs through-
out the tropical Atlantic (5!N–20!S, 40!W–20!E) warm
by 0.2!C (Fig. 5, top), with anomalies greater up to
0.4!C in the western tropical Atlantic. The magnitude of
the interannual variability in tropical Atlantic SST is in
the order of the anomalies exhibited during the FW
experiments. However, a two-tailed t-test demonstrates
that all of the anomalies discussed in the manuscript are
significant at the 95% confidence level. The temperature
anomaly increases with depth and has a maximum of
4.5!C in the thermocline o! the coast of South America
(Fig. 6). The warm thermocline anomaly begins to de-
velop at the onset of the freshwater forcing and increases
steadily throughout the experiment. Tropical Atlantic
SSTs, however, cool for the first 20 years of the experi-
ment before gradually warming. The SST response may
be damped with respect to that of the thermocline due to
air–sea processes. The warm anomalies most likely result
from a decrease in the surface and thermocline return
flow of warm waters from the tropics to the North
Atlantic. Because the formation of deep water in the
North Atlantic decreases during the freshwater forcing
experiments, less water must flow northward in order to
compensate for the export of deep water from the
Atlantic. At the surface, northward velocity in the North
Brazil Current decreases by 15–25%. In the thermocline,
northward velocities, normally 1–3 cm s!1 in the control
runs, decrease by up to 50%.

Regressing SST against North Atlantic MOC in the
control runs allows us to observe the natural, unforced
relationship between SST and MOC in the model. This
relationship can then be compared to the anomalies
generated during the FW runs. For a 1 Sv increase in
MOC in the control runs, tropical Atlantic SSTs cool by
up to 0.02!C (Fig. 7). Assuming that this cooling is due

Fig. 4 Ensemble mean anomalies averaged over the last 20–
25 years of each experiment. Anomalies are expressed as experi-
ment minus control. Top sea-surface salinity anomaly, units are
parts per thousand (ppt). Middle sea-surface temperature anomaly.
Bottom surface-air temperature anomaly
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greatest cooling occurs in the FW experiments that may
contribute 1!C to the cool anomalies. While centered in
the northern North Atlantic, the cool anomalies extend
as far south as 10!N in the Atlantic. Outside of the
Atlantic basin, there are no statistically significant SST
anomalies. Surface-air temperatures (SATs) exhibit a
similar response (Fig. 4, bottom). In the northern North
Atlantic, SAT decreases by up to 8!C. This anomaly is
centered just south of Greenland. The cooling extends

through northern Africa. Interestingly, both the SST
and SAT of the Barents Sea region warm during the
freshwater forcing experiments as a result of decreased
sea ice in the Barents region. The Barents Sea warming
and sea ice reduction could be sensitive to the location in
which the freshwater is applied, as the warming occurs
north of the region into which freshwater was intro-
duced. The pattern of sea ice anomalies produced by the
freshwater forcing, namely increased sea ice south of
Greenland and decreased sea ice in the Barents Sea, is
reminiscent of the 9–10 year sea ice oscillations, noted
by Venegas and Mysak (2000), based on century-long
North Atlantic sea-ice records. The model response
shows an increase in the strength of the Norwegian
Current, which Venegas and Mysak (2000) identify as a
likely mechanism for decreasing sea-ice concentrations
in the Barents Sea.

3.1.2 Tropical Atlantic results

The cooling of the North Atlantic decreases in magni-
tude from high to low latitudes. The gradient of SST
anomalies, with cooling to the north and warming to the
south, is steep in the western tropical Atlantic and more
gradual in the eastern tropical Atlantic. SSTs through-
out the tropical Atlantic (5!N–20!S, 40!W–20!E) warm
by 0.2!C (Fig. 5, top), with anomalies greater up to
0.4!C in the western tropical Atlantic. The magnitude of
the interannual variability in tropical Atlantic SST is in
the order of the anomalies exhibited during the FW
experiments. However, a two-tailed t-test demonstrates
that all of the anomalies discussed in the manuscript are
significant at the 95% confidence level. The temperature
anomaly increases with depth and has a maximum of
4.5!C in the thermocline o! the coast of South America
(Fig. 6). The warm thermocline anomaly begins to de-
velop at the onset of the freshwater forcing and increases
steadily throughout the experiment. Tropical Atlantic
SSTs, however, cool for the first 20 years of the experi-
ment before gradually warming. The SST response may
be damped with respect to that of the thermocline due to
air–sea processes. The warm anomalies most likely result
from a decrease in the surface and thermocline return
flow of warm waters from the tropics to the North
Atlantic. Because the formation of deep water in the
North Atlantic decreases during the freshwater forcing
experiments, less water must flow northward in order to
compensate for the export of deep water from the
Atlantic. At the surface, northward velocity in the North
Brazil Current decreases by 15–25%. In the thermocline,
northward velocities, normally 1–3 cm s!1 in the control
runs, decrease by up to 50%.

Regressing SST against North Atlantic MOC in the
control runs allows us to observe the natural, unforced
relationship between SST and MOC in the model. This
relationship can then be compared to the anomalies
generated during the FW runs. For a 1 Sv increase in
MOC in the control runs, tropical Atlantic SSTs cool by
up to 0.02!C (Fig. 7). Assuming that this cooling is due

Fig. 4 Ensemble mean anomalies averaged over the last 20–
25 years of each experiment. Anomalies are expressed as experi-
ment minus control. Top sea-surface salinity anomaly, units are
parts per thousand (ppt). Middle sea-surface temperature anomaly.
Bottom surface-air temperature anomaly
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the THC by increasing the surface seawater density.
But this effect is secondary in comparison with the den-
sity decrease induced by the high-latitude freshening
due to the hosing.

The decrease in SSS over the northern North Atlan-
tic is a direct result of the additional freshwater input
and the response to the weakening of the THC. The
multimodel ensemble mean shows that the maximum
freshening occurs in the 50°!70°N latitudes with SSS
decrease of about 1.2 psu. However, different models
simulate distinctly different geographical distribution of
the SSS anomalies (Fig. 10). For example, the maxi-
mum freshening can occur at the eastern, middle, or

western part of 50°!70°N latitudes of the North Atlan-
tic. Some models obtain a positive SSS anomaly around
the Barents Sea while some others simulate a negative
anomaly there. The differences in the SSS response
could result from many factors such as the location of
the deep convection sites or the exact details of the time
mean oceanic currents. Generally, the North Atlantic
surface water becomes fresher and the South Atlantic
becomes saltier during the slowdown of the THC. The
salinity increase in the Gulf of Mexico and the Carib-
bean Sea is a consequence of the change of evaporation
and precipitation there (Fig. 9e). Sedimentological data
have confirmed that the SSS in the Caribbean Sea in-

FIG. 9. Geographical distribution of the ensemble mean anomalies in the 0.1-Sv experiment. Years 81!100.
(a) SST (°C), (b) SSS (psu), (c) sea ice thickness (m), (d) (mm day"1), (e) net freshwater flux into the ocean (mm
day"1), and (f) sea level pressure (mb).
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Low Resolution SST proxies 
What is the fingerprint of AMOC variability? 

Caveat: 
•  “Hosing” is unlikely to be 

the primary forcing of 
AMOC on the multi-
century timescales of 
proxy records 

 



SST response to AMOC shutdown 

extent of temperature variability at a given location in

response to the AMOC, it is important to provide maps of S
and Mrn ! Ln separately, rather employing a composite
parameter, such as S !Mrn ! Ln. For example, a location

with very low Mrn ! Ln, but high S will have a value of

S !Mrn ! Ln close to zero. Here an investigator employing

S !Mrn ! Ln loses the important information that in this

location there will be strong (albeit nonlinear and/or non-
monotonic) temperature responses to AMOC variability

and could incorrectly conclude that the temperature

Fig. 6 Sensitivities, S, of the
AMOC versus temperature
relationship calculated over the
upper hysteresis branch and
plotted as a function of
geographical location and depth
(displayed in the bottom left
corner of each panel)
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RI values both at the surface and at depth. This implies that

studies which reconstruct both sea-surface and seafloor
temperatures must consider the existence of (potentially

unquantifiable) biases between the records and how they

represent overall strength of the AMOC.

5.3 Global fingerprints

A number of modelling studies have indicated that a

slowdown of the AMOC induced by hosing in the North
Atlantic may result in significant changes in seawater

Fig. 7 Mrn ! Ln of the AMOC
versus temperature relationship
calculated over the upper
hysteresis branch and plotted as
a function of geographical
location and depth (displayed in
the bottom left corner of each
panel). Values close to 1
indicate relationships which are
approximately linear and
monotonic
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sensitivity linearity 

Hemispheric dipole pattern 
Sensitive and stable: Subpolar N. Atlantic, Eastern S. Atlantic 
Less sensitive and stable: Deep tropics, Caribbean/GOM, Western Boundary 

Fingerprinting of the Atlantic meridional overturning circulation
in climate models to aid in the design of proxy investigations
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Abstract It is desirable to design proxy investigations
that target regions where properties reconstructed from

calibrated parameters potentially carry high-fidelity infor-

mation concerning changes in large-scale climate systems.
Numerical climate models can play an important role in

this task, producing simulations that can be analyzed to

produce spatial ‘‘fingerprints’’ of the expected response of
various properties under a variety of different scenarios.

We will introduce a new method of fingerprinting the

Atlantic meridional overturning circulation (AMOC) that
not only provides information concerning the sensitivity of

the response at a given location to changes in the large-

scale system, but also quantifies the linearity, monotonicity
and symmetry of the response. In this way, locations that

show high sensitivities to changes in the AMOC, but that

exhibit, for example, strongly nonlinear behavior can be
avoided during proxy investigations. To demonstrate the

proposed approach we will use the example of the response

of seawater temperatures to changes in the strength of the
AMOC. We present results from an earth-system climate

model which has been perturbed with an idealized fresh-
water forcing scenario in order to reduce the strength of the

AMOC in a systematic manner. The seawater temperature

anomalies that result from the freshwater forcing are
quantified in terms of their sensitivity to the AMOC

strength in addition to the linearity and monotonicity of

their response. A first-order reversal curve (FORC)
approach is employed to investigate and quantify the irre-

versibility of the temperature response to a slowing and

recovering AMOC. Thus, FORCs allow the identification
of areas that are unsuitable for proxy reconstructions

because their temperature versus AMOC relationship lacks

symmetry.

Keywords Fingerprinting ! Atlantic meridional

overturning circulation ! Earth-system climate model !
Hosing experiment

1 Introduction

Climate models have the potential to play an important role

in the design of proxy-based reconstructions of the Atlantic

meridional overturning circulation (AMOC) by identifying
spatial patterns in the response of the climate system to

specific forcing scenarios. If a climate model can demon-
strate that one region is more sensitive than another to

changes in the AMOC under a given form of forcing, then

proxy reconstructions can be focused in the areas expected
to yield higher signal-to-noise ratios. The calculation of

anomalies in model parameters such as seawater tempera-

ture as a function of location can thus provide a form of
spatial ‘‘fingerprint’’ which can help to constrain areas to

be included in proxy investigations.

Whilst spatial fingerprints tend to focus on parameters
such as the magnitude of a response to a given forcing,

proxy investigations that will make inferences concerning

the AMOC on the basis of reconstructed properties need
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Low resolution proxy records 

Total n = 42 
S. Atl n = 2 
Deep tropics n = 2 
Carib/GOM n = 9 
W. Bndry n = 9 
Subpolar gyre n =5  
 

Google Earth 6.1 

extent of temperature variability at a given location in

response to the AMOC, it is important to provide maps of S
and Mrn ! Ln separately, rather employing a composite
parameter, such as S !Mrn ! Ln. For example, a location

with very low Mrn ! Ln, but high S will have a value of

S !Mrn ! Ln close to zero. Here an investigator employing

S !Mrn ! Ln loses the important information that in this

location there will be strong (albeit nonlinear and/or non-
monotonic) temperature responses to AMOC variability

and could incorrectly conclude that the temperature

Fig. 6 Sensitivities, S, of the
AMOC versus temperature
relationship calculated over the
upper hysteresis branch and
plotted as a function of
geographical location and depth
(displayed in the bottom left
corner of each panel)
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RI values both at the surface and at depth. This implies that

studies which reconstruct both sea-surface and seafloor
temperatures must consider the existence of (potentially

unquantifiable) biases between the records and how they

represent overall strength of the AMOC.

5.3 Global fingerprints

A number of modelling studies have indicated that a

slowdown of the AMOC induced by hosing in the North
Atlantic may result in significant changes in seawater

Fig. 7 Mrn ! Ln of the AMOC
versus temperature relationship
calculated over the upper
hysteresis branch and plotted as
a function of geographical
location and depth (displayed in
the bottom left corner of each
panel). Values close to 1
indicate relationships which are
approximately linear and
monotonic
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Google Earth 6.1 

Challenges: 
 Coastal bias 
 Only 2 S. Hemisphere 
 Many records from less 
 sensitive/stable regions 

extent of temperature variability at a given location in

response to the AMOC, it is important to provide maps of S
and Mrn ! Ln separately, rather employing a composite
parameter, such as S !Mrn ! Ln. For example, a location

with very low Mrn ! Ln, but high S will have a value of

S !Mrn ! Ln close to zero. Here an investigator employing

S !Mrn ! Ln loses the important information that in this

location there will be strong (albeit nonlinear and/or non-
monotonic) temperature responses to AMOC variability

and could incorrectly conclude that the temperature

Fig. 6 Sensitivities, S, of the
AMOC versus temperature
relationship calculated over the
upper hysteresis branch and
plotted as a function of
geographical location and depth
(displayed in the bottom left
corner of each panel)

1054 D. Heslop, A. Paul: Fingerprinting the Atlantic meridional overturning circulation

123

RI values both at the surface and at depth. This implies that

studies which reconstruct both sea-surface and seafloor
temperatures must consider the existence of (potentially

unquantifiable) biases between the records and how they

represent overall strength of the AMOC.

5.3 Global fingerprints

A number of modelling studies have indicated that a

slowdown of the AMOC induced by hosing in the North
Atlantic may result in significant changes in seawater

Fig. 7 Mrn ! Ln of the AMOC
versus temperature relationship
calculated over the upper
hysteresis branch and plotted as
a function of geographical
location and depth (displayed in
the bottom left corner of each
panel). Values close to 1
indicate relationships which are
approximately linear and
monotonic

1056 D. Heslop, A. Paul: Fingerprinting the Atlantic meridional overturning circulation

123



All Low Res. Proxy Records 
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Dipole pattern in proxy records? 
• Dipole index: 

•  Normalize proxy records 
•  Multiply South Atlantic 

records by -1 
•  Bin every 200 years 
•  Evaluate if each bin has 

mean = 0 
•  Error bars are 2 std errors 

about each bin mean 



Dipole pattern in proxy records? 
• Dipole index: 

•  Normalize proxy records 
•  Multiply South Atlantic 

records by -1 
•  Bin every 200 years 

42 records, 3632 points 
1900: 793  
1700: 455 
1500: 524 
1300: 545 
1100: 349 
900: 265 
700: 215 
500: 188 
300: 155 
100: 143 
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Dipole in most sensitive regions 
• Dipole index:  

•  Remove deep tropics 
•  Remove Carib/GOM 
•  Remove Wtrn Bndry  

22 records, 2048 points 
1900: 400  
1700: 248 
1500: 254 
1300: 249 
1100: 199 
900: 186 
700: 141 
500: 136 
300: 124 
100: 111 
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Summary of low resolution SST 
•  SST proxies show 

cooling through much of 
the past 2k 

•  Interpreted only in terms 
of AMOC, circulation may 
have been weakest in 
recent centuries 

•  More well dated records 
needed 1200-1600 CE 
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Add High Resolution Data 
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•  Normalized high res data 
•  Multiply all by -1 (Sr/Ca 

and δ18O are inversely 
related to SST) 

•  Bin in the same way as 
low resolution data 

•  Supports weakening 
AMOC during past 2 
millennia, particularly 
since the LIA 

 



Comparison with transient simulations 
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total aerosol masses, using linear regression coefficients ob-

tained from the 6 strongest volcanic eruptions in the last 130

years (Ammann et al., 2003). The aerosols were latitudi-

nally distributed in the lower stratosphere conserving the to-

tal amount. Two different types of distributions were con-

sidered for the transient simulations. In the TRa simulations,

the volcanic aerosols were added in one layer between 100 to

140 hPa (140 to 190 hPa at higher latitudes) and the aerosol

concentration was weighted by a latitudinal cosine function

to account for the higher concentrations at low latitudes. In

the TRb1 integration, a horizontally more complex distribu-

tion was used, similar to the mean distribution in Ammann

et al. (2003). The aerosols were added over several layers and

the maximum concentrations were located at 30 to 60 hPa (60

to 100 hPa at higher latitudes). In both cases, the concentra-

tion of volcanic aerosols is set constant over the year, so all

eruptions start at the beginning of the year, and the distribu-

tion pattern in one simulation does not differ from one erup-

tion to the other. This rather rough implementation reflects

the missing knowledge about the exact starting date and the

aerosol distribution in the atmosphere for most of the erup-

tions. In Fig. 1b the volcanic forcing time series is presented

by changes of the optical depth in the visible band.

Note that we did not include anthropogenic sulfate emis-

sions in the transient simulations. However, an additional

experiment (TRsulfate) is performed to estimate the impact

of these aerosols. The simulation covers the period 1870 to

2000 A.D. and includes anthropogenic sulfate emissions as in

Meehl et al. (2006). The TRsulfate experiment is discussed

only for the surface air temperature (SAT) of the Northern

Hemisphere (NH), where it shows large differences com-

pared to the other transient simulations.

Unless otherwise noted, we use annual mean values in the

analysis. For the low-pass filtered time series, the annual val-

ues are smoothed with a Gaussian-weighted filter to remove

fluctuations on time scales of less than 30 years. Due to the

filtering procedure, the time series omit 15 years at both ends

of the records.

3 Results

3.1 Surface temperature

The annual mean SAT of the NH in the simulations is in good

qualitative agreement with the reconstructions (Fig. 2). The

reconstructions and simulations show a generally warm first

half of the millennium (TRb1 only), several distinct periods

with lower temperatures in the mid 15th, in the 17th and in

the early 19th century and a strong warming in the 20th cen-

tury. The amplitude of the simulated pre-industrial SAT vari-

ability is in the reconstructed range. In the TRb1 simulations

the warmest and coldest 30 years period prior to 1850 A.D.

differ by 0.46K, which is only slightly more than the 0.38K

found in Frank et al. (2010).
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Fig. 1. Forcing from 1000 to 2000 A.D.: (a) the total radiative forc-

ing due to solar irradiance and GHGs; (b) the optical depth changes

in the visible band due to volcanic aerosols. The radiative forcing is

estimated according to IPCC (2001, Table 6.2) assuming an albedo

of 0.31.

Some discrepancies occur at the beginning and at the end

of the millennium. The 11th century in the TRb1 simulation

is 0.2 to 0.3K colder than suggested by the reconstructions

(similar to the results of other simulations, e.g., Servonnat

et al., 2010). However, the uncertainty of the reconstructed

temperatures for this period is large and the simulation result

is still within the range of the reconstructions. The warming

in the second half of the 20th century is significantly larger

in the simulations than in the reconstructions, even though

the model has only a moderate equilibrium climate sensitiv-

ity of 2.32K (Kiehl et al., 2006). To further investigate this

increase, the simulations are compared to the HadCRUT3v

data set (Brohan et al., 2006). The ensemble mean NH tem-

perature increase in the 20th century, calculated as the differ-

ence between the averages over the two periods 1870 to 1900

resp. 1990 to 2000, is 1.00K. This is substantially higher

than the 0.59K in the HadCRUT3v data. The main reason

Clim. Past, 7, 133–150, 2011 www.clim-past.net/7/133/2011/
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Fig. 4. Low-pass filtered time series of the AMOC index. The

time series of the control integrations show the anomaly from their

mean, while the time series of the transient simulations are calcu-

lated as the anomaly from the mean of the initializing control ex-

periment. The upper abscissa indicates the model years for the con-

trol simulations and the lower abscissa corresponds to the transient

simulations.

to the low-pass filter as filtering with a 10 or 50 years low-

pass reveals similar differences between control and transient

simulations.

The different behavior of the control and transient simula-

tions is also evident in the low-pass filtered time series of the

AMOC index (Fig. 4). In the CTRL1990, the CTRL1500,

and the TRa1 experiments the AMOC index is rather sta-

ble, mostly fluctuating in a band of ±1 Sv around zero with
short periods of stronger anomalies. The time series for

the CTRL1000 simulation behaves similarly, except for the

model years 1020–1100 where the anomaly is in the order

of −1 Sv. In contrast to this, the AMOC index in the other
transient simulations exhibits prolonged periods of strong or

weak overturning – most visible in TRa2 to TRa4 with gen-

erally high AMOC-index values from 1500–1720 (TRa2),

1500–1680 (TRa3), 1500–1620 and 1830–2000 (TRa4) and

low values from 1750–2000 (TRa2), 1700–2000 (TRa3) and

1650–1810 (TRa4) – leading to the increased low-frequency

variability (Table 2).

To identify the transitions between periods of strong and

weak AMOC the ramp function regression method is applied

to the time series (Mudelsee, 2000). The method calculates

the least-square fit to a time series, that consists of two lev-

els and a linear ramp in the middle. We apply the method to

the annual mean AMOC index using running windows of 51,

101 and 201 years. The focus is set on significant and per-

sistent changes of the mean AMOC. Thus, we consider only

ramps (i.e., transitions), where the two levels are separated

by more than one Stdd of the AMOC index in the control

simulations (1.09 Sv) and where each level extends to a pe-

riod of at least 20 years (i.e., the ramp can not be in the first

and last 20 years of the running window).
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Fig. 5. Annual mean AMOC index anomaly time series and the

transition phases identified by the ramp function regression anal-

ysis described in the text. The transitions are grouped into Type

2 (green) and Type 3 (red). The two Types are defined according

to the characteristics of the AMOC difference pattern (see Fig. 6).

The width of the colored bars indicates the duration of the linear

transition from stronger to weaker AMOC (and vice versa).

The transitions that meet these two conditions at least once

for any of the three running windows are presented in Fig. 5.

Each transition phase indicates the period from the start to

the end of the ramp. In the case of differing start and end

years for the same transition, the transition phase covers the

period from the earliest start to the latest endpoint. The pro-

longed periods of strong and weak overturning that have been

estimated by eye in Fig. 4 are indeed separated by transitions.

However, the applied method identifies many additional tran-

sitions. Most of the transition phases are relatively short (less

than 5 years) and only in a few cases the duration exceeds 10

years. Generally, we find more transitions in the transient

simulations than in the control simulations. The quantity

alone though cannot fully explain the increased variability,

e.g., we find more transitions in the TRa1 simulation than in

TRa2 and TRa3.

We further analyze the transitions by investigating the

structural changes of the AMOC. Therefore, difference

patterns between the weak and strong AMOC state are
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CCSM3 forced with 
solar, GHG, volcanic 

 
Long term weakening 

not discussed 



Summary and Conclusions 
• Proxy records in the Ocean2k metadatabase show SST 

variability that may reflect AMOC changes 

• High Resolution (annual) proxy records 
•  Strong AMO-like variability during the 20th century 
•  No significant 50-80 year cycles earlier in the record 
•  10-20 year periods appear more persistent 

•  Low Resolution (decadal-centennial) proxy records 
•  Cooling throughout the past 2 millennia 
•  Dipole index can be interpreted as AMOC weakening 
•  Not sensitive to location of proxy records 
•  Similar trends observed in transient simulations 



Future work 
• Proxy bias (e.g. seasonal SST) 
• Coastal bias 
• Model bias 

•  Comparison with a full suite of AOGCMs 

• Age model uncertainty in low resolution records 
• Proxies other than paleotemperature 

•  δ18O as a density proxy to reconstruct transport 
•  Hydrologic proxies sensitive to ITCZ migrations 

www.pages-igbp.org/workinggroups/ocean2k/metadatabase 



Model dependent AMOC response  

FIG. 1. Time series of the THC intensity (Sv) in the control runs. A 10-yr running mean was
performed on the curves to reduce the high-frequency fluctuations of the THC. Solid curves
for AOGCMs and dashed curves for EMICs. The numbers after the model names indicate the
long-term mean of the THC intensity.

FIG. 2. Time series of the THC intensity anomalies in the 0.1-Sv water-hosing experiments.
(a) The absolute value of the anomalies. (b) The relative anomalies compared with the
long-term mean of the THC intensity in the control experiments. Solid curves denote
AOGCMs and dashed curves denote EMICs.
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Uvic model may more sensitive than average to hosing 



Dipole pattern in proxy records? 
• Dipole index:  

•  Only “bullseye” and 
South Atlantic records 

•  More data necessary 

7 records, 646 points 
1900: 123  
1700: 70 
1500: 66 
1300: 75 
1100: 63 
900: 66 
700: 46 
500: 48 
300: 48 
100: 41 
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