Paleoceanography, 15 (5), 537-540, 2000.

Reconciling Bølling warmth with peak deglacial meltwater discharge

Gerrit Lohmann,^1 Michael Schulz,^2

Abstract

Paleoclimatic data indicate warm conditions during the Bølling period, whereas climate modeling studies predict significant cooling, triggered by the concomitant deglacial meltwater flux into the Atlantic Ocean. We suggest that the lack of an adequate representation of deep water flow over the Greenland-Scotland Ridge in ocean circulation models can account for this discrepancy.

Sea-level reconstructions indicate a massive input of meltwater during the early stage of the last deglaciation. During the Bølling period (14.7–14.1 cal. kyr B.P. (thousand calendar years before present)) up to ¸ 0.5 Sv (1 Sv=10^6m^3s�^1) of meltwater entered the ocean [Fairbanks et al., 1992] (Figure 1). Most of the meltwater likely originated from the decaying Laurentide ice sheet; the inferred freshwater pulse out of the Mississippi river entered the Atlantic via the Gulf of Mexico [Fairbanks et al., 1992]. Various modeling studies indicate that such massive meltwater input should lead to the cessation of deep water formation in the North Atlantic and the large-scale thermohaline circulation [e.g., Stocker et al., 1992; Mikolajewicz and Maier-Reimer, 1994; Rahmstorf, 1996; Manabe and Stouffer, 1997; Schiller et al., 1997]. In these models the associated drop in northward heat transport results in a dramatic cooling in the North Atlantic region.

In contrast to these model results, paleoclimatic proxy data indicate that the Bølling was a remarkably warm period: Sea surface temperatures in the North Atlantic reached almost interglacial values, and mild temperatures persisted in Europe [e.g., Berger and Jansen, 1995]. These findings are reflected in the ffi^{18}O record from the Greenland ice sheet (Figure 1) and are consistent with active deep water formation, which is corroborated by benthic ffi^{13}C data [Sarnthein et al., 1994]. Incursion of warm Atlantic water into the Norwegian Sea [e.g., Sarnthein et al., 1995; Hald et al., 1996] and high surface water density in the Icelandic Sea [Sarnthein et al., 1995] suggest that deep water was formed in the northern North Atlantic during the Bølling. Thus the coincidence of a warm climate period in the North Atlantic region with a massive meltwater input raises a puzzling question regarding the last deglaciation [Sarnthein et al., 1994, 1995; Berger and Jansen, 1995]. On the basis of the seemingly incompatible evidence from models and data, Clark et al. [1996] concluded that it is unlikely that the meltwater source was the Laurentide ice sheet; instead, these authors envisioned an Antarctic source. However, on the basis of a new modeling study we suggest that meltwater influx into the North Atlantic and warm climate in the North Atlantic realm during the Bølling may be reconciled.

The sensitivity of the thermohaline circulation (THC) to meltwater input has been studied with ocean general circulation models (OGCMs) coupled to atmospheric components of different complexity [e.g., Rahmstorf, 1996; Manabe and Stouffer, 1997; Schiller et al.,

1997]. In these models, deep water is largely formed south of the Greenland-Scotland Ridge, whereas oceanographic observations indicate that a considerable fraction of the deep water is actually produced in the Greenland-Iceland-Norwegian (GIN) Sea [Dickson and Brown, 1994]. Part of the water formed in the GIN Sea flows over the Greenland-Scotland Ridge, contributing to deep water renewal. Current largescale OGCMs have very strong numerical entrainment on slopes and cause a significant loss of bottom-water mass characteristics [Gerdes, 1993]. Since overflow is frequently underestimated in these models, deep water formation regions in the models are shifted southward compared to the real ocean. Beckmann and Döscher [1997] formulate a bottom boundary layer model which parameterizes explicitly the near-bottom transport over sloping topography improving the representation of descending dense-water plumes. In this model concept, adjacent bottom tracer boxes are “diagonally” connected over topographic slopes (solid arrows in Figure 2) and overflow water can contribute to deep water formation, in addition to a source linked to open ocean convection (shaded arrow in Figure 2).

Recently, Lohmann [1998] applied this parameterization to a coupled atmosphere-ocean-sea ice model [Lohmann and Gerdes, 1998] with idealized geometry of the Atlantic Ocean. The basic result of this sensitivity study is that the system with the nearbottom transport allows a coupling of the circulation over the ridge. Without parameterization of the nearbottom transport a subpolar freshwater perturbation south of the Greenland-Scotland Ridge (schematically shown in Figure 2) caused the northward heat transport to be strongly reduced and deep water formation to almost collapse (Figure 3a). Sea surface temperature in the northern North Atlantic is reduced by several degrees. As a result of including the effect of the near-bottom transport, the freshwater perturbation caused a significant circulation anomaly, but the influence of the overflow water was sufficient to keep the THC active (Figure 3b). Entrainment by ambient water reduced the buoyancy anomaly and the circulation returned to normal (Figure 3b). The experiments suggest that if the northern deep water source is active, deep convection south of the ridge is not the dominant forcing of the THC (see Figure 3).

On the basis of paleoceanographic data, which indicate active deep water formation during the Bølling in the Icelandic Sea [Sarnthein et al., 1995], we suggest that this deep water mass crossed the Greenland- Scotland Ridge and stabilized the THC and inhibited its complete breakdown during the Bølling. The stabilization of the THC helped to maintain mild climate conditions in Europe during the Bølling despite the massive meltwater input. (It is, however, tempting to speculate if the brief cooling at ¸14 cal. kyr B.P. (Figure 1) was triggered by the meltwater pulse [Bard et al., 1996].) This situation contrasts with the seasurface hydrography during Heinrich event 1 (14.7– 18.1 cal. kyr B.P.) when surging ice sheets delivered meltwater to the central North Atlantic [Bond et al., 1992] and the GIN Sea [Sarnthein et al., 1995]. The associated suppression of deep water formation north of the Greenland-Scotland Ridge deprived the THC of its stabilizing mechanism, making it extremely vulnerable to meltwater input from the Laurentide ice sheet. As a result, deep water formation in the North Atlantic ceased completely [Sarnthein et al., 1994].

These inferences highlight the importance of the representation of deep water formation and adequate overflow in OGCMs for paleoclimate studies. The modeling results and the proxy data suggest two players, a northern (GIN Sea) and a southern (Labrador Sea) source, in ventilating the deep interior of the Atlantic Ocean. We propose that this characteristic feature of the THC is also relevant for the estimation of natural climate variability and future climate change.

Acknowledgments. We thank K. Rodgers, M. Arthur, and two anonymous referees for helpful suggestions. M.S. appreciates discussions with M. Sarnthein about the meltwater world. M. Latif is gratefully acknowledged for his support (G.L.). This work was supported by BMBF through CLIVAR (G.L.) and Klimaforschungsprogramm (M.S.).

References

Bard, E., B. Hamelin, M. Arnold, L. Montaggioni, G.

Cabioch, G. Faure, and F. Rougerie, Deglacial sea-level record from Tahiti corals and the timing of global meltwater discharge, Nature, 382 , 241–244, 1996.

Beckmann, A., and R. Döscher, A method for improved representation of dense water spreading over topography in geopotential-coordinate models, J. Phys. Oceanogr., 27 , 581–591, 1997.

Berger, W. H., and E. Jansen, Younger Dryas episode:

Ice collapse and superfjord heat pump, in The Younger Dryas, edited by S. R. Troelstra, J. E. van Hinte, and G. M. Ganssen, pp. 61–105, R. Netherlands Acad. of Arts and Sci., Amsterdam, 1995.

Bond, G., et al., Evidence for massive discharges of icebergs into the North Atlantic ocean during the last glacial period, Nature, 360 , 245–249, 1992.

Clark, P. U., R. B. Alley, L. D. Keigwin, J. M. Licciardi, S.

J. Johnsen, and H. X. Wang, Origin of the first global meltwater pulse following the Last Glacial Maximum, Paleoceanography, 11 , 563–577, 1996.

Dickson, R. R., and J. Brown, The production of North Atlantic Deep Water: Sources, rates, and pathways, J. Geophys. Res., 99 , 12, 319–12,341, 1994.

Fairbanks, R. G., C. D. Charles, and J. D. Wright, Origin of global meltwater pulses, in Radiocarbon After Four Decades, edited by R. E. Taylor, A. Long, and R. S. Kra, pp. 473–500, Springer-Verlag, New York, 1992.

Gerdes, R., A primitive equation ocean general circulation model using a general vertical coordinate transformation, II, Application to the overflow problem, J. Geophys. Res., 98 , 14,703–14,726, 1993.

Grootes, P. M., and M. Stuiver, Oxygen 18/16 variability in Greenland snow and ice with 10�^3 to 10^5-year time resolution, J. Geophys. Res., 102 , 26, 455–26,470, 1997.

Hald, M., T. Dokken, and S. Hagen, Palaeoceanography on the European arctic margin during the last deglaciation, in Late Quaternary Palaeoceanography of the North Atlantic Margins, edited by J. T. Andrews, et al., Geol. Soc. London, Spec. Publ., 111, 275–287, 1996.

Lohmann, G., The influence of a near-bottom transport parameterization on the sensitivity of the thermohaline circulation, J. Phys. Oceanogr., 28 , 2095-2103, 1998.

Lohmann, G., and R. Gerdes, Sea ice effects on the sensitivity of the thermohaline circulation in simplified atmosphere-ocean-sea ice models, J. Clim., 11 , 2789– 2803, 1998.

Manabe, S., and R. J. Stouffer, Coupled ocean-atmosphere model response to freshwater input: Comparison to Younger Dryas event, Paleoceanography, 12 , 321– 336, 1997.

Mikolajewicz, U., and E. Maier-Reimer, Mixed boundary conditions in ocean general circulation models and their influence on the stability of the model’s conveyor belt, J. Geophys. Res., 99 , 22,633–22,644, 1994.

Rahmstorf, S., On the freshwater forcing and transport of the Atlantic thermohaline circulation, Clim. Dyn., 12 , 799–811, 1996.

Sarnthein, M., K. Winn, S. J. A. Jung, J. C. Duplessy, L. Labeyrie, H. Erlenkeuser, and G. Ganssen, Changes in east Atlantic deepwater circulation over the last 30,000 years: Eight time slice reconstructions, Paleoceanography, 9 , 209–267, 1994.

Sarnthein, M., et al., Variations in Atlantic surface ocean paleoceanography, 50ffi–80ffiN: A time-slice record of the last 30,000 years, Paleoceanography, 10 , 1063–1094, 1995.

Schiller, A., U. Mikolajewicz, and R. Voss, The stability of the North Atlantic thermohaline circulation in a coupled ocean-atmosphere general circulation model, Clim. Dyn., 13 , 325–347, 1997.

Stocker, T. F., D. G. Wright, and L. A. Mysak, A zonally averaged, coupled ocean-atmosphere model for paleoclimate studies, J. Clim., 5 , 773–797, 1992.

G. Lohmann, Max-Planck-Institut für Meteorologie, Bundesstrasse 55, 20146 Hamburg, Germany. (e-mail: gerrit.lohmann@dkrz.de)

M. Schulz, Institut für Geowissenschaften, Universität Kiel, Olshausenstrasse 40, 24118 Kiel, Germany. (e-mail: mschulz@email.uni-kiel.de)

Received October 25, 1999; revised February 24, 2000; accepted March 23, 2000.

1Max-Planck-Institut für Meteorologie, Hamburg, Germany. 2Institut für Geowissenschaften, Universität Kiel, Germany.

This preprint was prepared with AGU’s LATEX macros v5.01. File neupp formatted October 6, 2000.

Figure 1. Top: Sea-level derived rate of deglacial meltwater discharge [Fairbanks et al., 1992]. Bottom: Oxygen isotope record from Greenland GISP2 ice core [Grootes and Stuiver, 1997], reflecting air temperature. Meltwater influx is maximum during the Bølling warm period (BØ) and minimum during Heinrich event 1 (H1) and Younger Dryas (YD).

Figure 2. North Atlantic Deep Water is fed by open ocean convection south of the Greenland-Scotland Ridge (grey arrow) and overflow water from the GIN Sea. Parameterization of near-bottom transport allows for “diagonal” exchange between model grid cells over topography (black arrows). In experiments (a) and (b), a freshwater pulse south of the Greenland-Scotland Ridge has been applied which effectively interrupted convection south of the ridge.

Figure 3. Timeseries of maximum oceanic heat transport after an initial salinity perturbation in the North Atlantic surface layer, south of the ridge [Lohmann, 1998]. In experiment (a), deep-water formation almost collapses and does not recover. With bottom-boundary-layer parameterization (b), the initial perturbation is damped out after a few decades and the northward heat transport recovers almost to the initial value. Initial states in the experiments have nearly the same northward heat transport (x in the figure). Panels on the right show the meridional overturning stream function 15 y after perturbation. (The initial meridional overturning in (b) is slightly weaker (¸ 2 Sv) than in (a) due to the contribution of relatively fresh overflow water to North Atlantic Deep Water formation; not shown.)