      Atmospheric Stability During the Glacial- Links to Abrupt Climate Change


Paleoclimatic data indicate that, over the past 120 thousand years, there have been repeated instances of ‘abrupt climate change’ where the global climate exhibits a profound rearrangement in less than 20 years (the limit of resolution in the data). These rapid changes, named Dansgaard Oeschger (D/O) events, are characterized by an abrupt transition from a full glacial state to a state about 10C warmer in about 20 years.  The abrupt warming is followed by gradual cooling for several hundred years and then a more rapid cooling back to the glacial state. Although the signature of these events is most predominant in the Greenland ice core record, the abrupt changes seen in Greenland are concomitant with temperature changes throughout the North Atlantic, the global Tropics, and changes in mean winds and monsoonal circulation over the entire Northern Hemisphere. Any theory used to explain D/O events must be consistent with the abruptness of the transition to the warm phase, the magnitude of the warming, the spatial extent of the climatic changes, the rapidity in which the events are communicated globally, and the onset of the events in the absence of external forcing.  


The prevailing theories about the underlying dynamics of D/O events mostly involve thresholds or instabilities in the Atlantic ocean thermohaline circulation (OTC) and contend that D/O events are ramifications of a shutdown or spatial relocation of the the OTC (Rhamstorf, 2002). These theories capture the temporal shape of the changes seen in Greenland, but fail to reproduce the intensity of the local response in Greenland and the rapidity of communication to the rest of the Northern Hemisphere without relying on induced changes in atmospheric circulation. Furthermore,  within the OTC framework, the onset of D/O  events can only be explained if external fresh water forcing is imposed. 


Recent studies indicate that moderate reductions in the winter time extent of sea ice in the North Atlantic are capable of explaining the jumps in temperature, snow accumulation and oxygen isotopes seen in Greenland during the DO events  (Li et al., 2004). Possible drivers for the changes in sea ice extent are changes in the OTC and changes in the atmospheric circulation. The later seems to be a likely candidate since, in today’s climate, modeling and observations indicate the year-to-year and decade-to-decade variability in the sea ice edge is primarily forced by changes in the wind and because the atmosphere is responsible for the lion share of the total heat transport poleward of 30 degrees. At this stage, it is not the goal of this research to discredit the potential role that OTC plays in abrupt climate change but rather to understand how changes in large scale  atmospheric circulation may work in conjunction and feedback to/from changes in OTC. 


In regards to the role that the atmosphere may play in initiating D/O events, I am  examining two hypotheses. First, that slow and smooth changes in tropical SST cause abrupt changes in the atmospheric jet structure which result in abrupt climate changes throughout the Northern Hemisphere. This hypothesis is supported by the work of Yin and Battisti (2001) who showed that the atmospheric planetary wave structure is sensitive to small changes in tropical SST and that modest tropical SST changes can produce climate change with a D/O like magnitude and spatial footprint. Secondly, I would like to examine the hypothesis that D/O events are caused by a rapid reorganization of the atmospheric circulation caused by eddy-mean flow interactions; in other words, the storms distort the background flow in such a way as to produce more storms and further distort the background flow. 


Lastly, this work is motivated by a question of dynamical interest in its own right.   Preliminary model results using a coupled climate model (CCSM3) with LGM boundary conditions and forcing, have shown that winter-time eddy heat and momentum transports are down in the glacial despite stronger jets and an enhanced equator to pole temperature gradient. This seemingly paradoxical result is consistent with some, but not all, former model results. I believe the explanation for this modeled result is the 'barotrropic governor affect' in which strong velocity shear inhibits storm formation (Simmons and Hoskins, 1980). I have found that the wintertime flow is more unstable baroclinically (Eady growth rates) and barotropically (upper level, 2-D barotropic normal mode analysis). I would like to extend this analysis to include 2-D baroclinic (multi-level) normal mode analysis (through cross sections of constant longitude at the jet maxima) as well as 3-D normal mode analysis using the framework of Frederiksen (1983)  to try and highlight how the spatial structures of storms in the glacial are less efficient at extracting energy from the background flow despite the greater energy (both baroclinic and barotropic) available in the background flow. Essentially, my normal analysis will use coupled climate models to determine the atmospheric forcing from diabatic heating and orography during the LGM (by assuming the mean wintertime flow is a steady state solution to the forcing) and will then ask what the spatial structures that grow in that flow look like and how rapidly they grow.


Once I understand why the atmosphere is more quiescent during the glacial, I can then ask how the glacial atmosphere could possibly become more stormy and transport more heat poleward. At the heart of this question is whether tropical SSTs, orography, or eddy-mean flow interactions controls the mean atmospheric circulation during the glacial. These questions will be addressed by myself and others in my research group using CCSM3 with; i.) fixed tropical SSTs, ii.) different orography iii.) by applying normal  mode like perturbations to the system . The eddy mean flow interaction will also be modeled with a linear spectral model, using the same dynamical structure as the normal mode analysis in a time dependent model with feedbacks between the eddies and the basic state. The goal of this leg of the work is to see if I can either force the glacial atmosphere into a different mean state or a mean state with different stability properties. Again, I anticipate I will not isolate an atmosphere only mechanism for initiating D/O events but the results will provide important insights for feedbacks between the atmospheric circulation and  OTC, sea ice, and orography.


This proposal was motivated by my interest in abrupt climate change, my perception that the stability of the glacial atmosphere is poorly understood, and also through discussions I've had with observationalists who have been trying to think of their proxy records in terms of climate changes. At a recent conference on abrupt climate change, every observationalist was shocked to hear that my model runs say the glacial is less stormy and everyone wanted to know the potential ramifications for interpretations of their own proxy records. To my knowledge, no one else is trying to understand atmospheric stability in the glacial beyond looking at bulk eddy statistics from GCM output. The proposed work should help to develop a framework for the both the role of the atmosphere in abrupt climate change and the role of atmospheric variability in interpreting proxy records.                                                                                         Selected References
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