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A Note on the Science

	This book is an exercise in translation. The science of paleoclimatology lives in isotope ratios measured to four decimal places, in stratigraphic records annotated in microns, in computer models that run for weeks on supercomputing clusters. It lives in laboratories in Bremerhaven and Boulder, in field camps at seventy-five degrees south latitude, in the painstaking correspondence between researchers who may never meet in person but share a single driving question: what was Earth like before we were watching?

	Translating that science into prose that ordinary readers can absorb without losing the rigor that makes it meaningful is the central challenge of this book. I have done my best. Where I have simplified, I have tried to simplify honestly, flagging complexity rather than concealing it. Where the science is contested or uncertain, I have said so. Science is not a collection of settled answers; it is a methodology, a conversation, a process of revision. Readers who approach it otherwise will be disappointed by real science and satisfied only by imitation.

	All data cited in these pages comes from peer-reviewed literature or from publicly available databases maintained by institutions including NOAA, the British Antarctic Survey, NASA, the Intergovernmental Panel on Climate Change (IPCC), and the Lamont-Doherty Earth Observatory. Specific ice-core datasets referenced include the EPICA Dome C record, the GISP2 and GRIP Greenland cores, the Vostok ice core, and the West Antarctic Ice Sheet Divide (WAIS Divide) core. Where data has been updated since initial publication, I have used the most current available figures.

	A word on terminology. I use the phrase "deep time" throughout this book in the geological and paleoclimatological sense: timescales ranging from thousands to hundreds of millions of years, well beyond the span of recorded human history. This is not metaphor; it is a technical orientation toward the past that requires deliberate effort to internalize, because human cognition is not naturally equipped to feel the difference between ten thousand and ten million years. I encourage readers to sit with that difficulty rather than smooth it over.

	Finally, this book is written with urgency, not alarm. The distinction matters. Alarm provokes paralysis; urgency provokes thought and action. The paleoclimate record is, among many other things, the most detailed argument ever assembled for why the current moment in Earth's history is both unusual and consequential. I have tried to let the ice speak for itself, and I hope that after reading this book, you will hear what it says.

	

	Declan Oruvweje-Strömb

	



	


Prologue: The Weight of White

	On the East Antarctic Plateau, at an altitude of 3,233 meters above sea level, the wind moves without interruption from one horizon to the other. There are no trees, no rocks, no gradients of color. There is only white, in every direction, and above it a sky so violently blue that it looks painted. Temperatures drop to minus sixty degrees Celsius in winter. The nearest permanent human settlement is the Concordia Research Station, a cluster of cylindrical buildings that look, from a distance, like something a child built from toy pieces and then abandoned in the snow.

	Concordia is operated jointly by France and Italy. It sits at a location called Dome C, which is not a dome in any dramatic topographic sense but simply the highest point of a broad, almost imperceptible rise in the ice sheet. Scientists come here because Dome C is cold enough, dry enough, and geologically stable enough to have preserved a continuous record of past climate longer than any other ice core site on the planet. They come here to drill.

	The drilling is not fast. An ice core drill works something like an oversized hollow screw, biting into the ice and retrieving a cylinder roughly ten centimeters in diameter. Each run brings up about three meters of ice. The team processes the core in a trench cut into the glacier surface, where temperatures hover around minus thirty-five Celsius. The ice is handled in sections, measured, catalogued, and packed into insulated tubes for shipment to freezer warehouses in Europe, where it will be studied for decades.

	In 2004, the European Project for Ice Coring in Antarctica, known as EPICA, announced results from Dome C that rewrote the fundamental timeline of Earth's climate. The deepest ice they had recovered dated to approximately 740,000 years ago. That single core, roughly three kilometers long and slightly thicker than a human forearm, contained within its crystalline layers a complete atmospheric record spanning eight full glacial cycles: eight ice ages and eight interglacial warm periods, each one stamped into the chemistry of the ice as precisely as a fingerprint.

	The EPICA Dome C ice core contains an unbroken climate archive stretching back 740,000 years, capturing eight complete ice age cycles in a cylinder thinner than your arm.

	To understand what that means, try to hold this in your mind: 740,000 years ago, Homo sapiens did not exist. Our species would not appear for another half a million years. The cognitive revolution that produced language, art, and symbolic thought was still more than 600,000 years in the future. And yet the ice that formed at Dome C during that remote epoch still exists today, compressed and altered but fundamentally intact, carrying within it the chemical signatures of an atmosphere that no living thing has ever breathed.

	This book is about that ice. More specifically, it is about what we can read from it, and what that reading tells us about the planet we live on. It is about the science of paleoclimatology, which studies the climate of the deep past using physical proxies rather than instruments. It is about glaciology, the study of ice itself, and about the specific discipline of ice core science, which treats glaciers not as inert masses of frozen water but as archives, repositories of atmospheric information that span geological time.

	It is also, inevitably, a book about the present. The methods developed to read past climate have become our most powerful tools for understanding current climate change. Every graph of rising carbon dioxide concentrations gains its meaning partly because we can compare today's atmosphere to the concentrations preserved in ice cores from hundreds of thousands of years ago. Every climate model is tested against proxy records that tell us what the models would have predicted for conditions we can verify. The deep past is not merely history; it is context, calibration, and warning.

	* * *

	There is a moment that every glaciologist describes differently but recognizes the same way. It happens when you first hold a section of very old ice up to the light. The ice from near the surface of a glacier looks white and opaque, like compressed snow. But ice that has been buried for thousands of years under kilometers of pressure transforms. The air bubbles that were once trapped in the snow are squeezed by that pressure until the air molecules are forced into the crystal lattice of the ice itself, forming structures called clathrates. The ice becomes clear, almost glassy.

	When you hold a section of old ice from great depth toward a light source, it glows. It has a blue quality that is not quite the color of the sky and not quite the color of water, something in between, something that seems to come from within the material rather than from the light passing through it. Scientists who have spent years handling ice describe this color with consistent reverence. The geochemist Jean Jouzel, who led much of the EPICA analysis, once said that looking at old ice is the closest experience he has to looking directly at the past.

	He meant this literally. The light that passes through a section of 300,000-year-old ice has traveled through a material that last interacted with the atmosphere when that atmosphere was completely different from today's. The water molecules in that ice precipitated from clouds that formed over an ocean that was several degrees colder than modern oceans. The isotopic ratios in those water molecules record the temperature of that ocean, the trajectory of the moisture as it moved from tropics to pole, the height of the ice sheet at the time of deposition. Everything is there, waiting to be decoded.

	This is the central miracle of ice core science, and the reason it has transformed our understanding of climate: ice is not just frozen water. It is a three-dimensional stratigraphic record of every atmospheric condition that prevailed at the moment of its formation. It contains trapped air bubbles that are literally samples of ancient atmosphere. It contains volcanic ash layers that provide absolute datation markers. It contains dust, pollen, sea-salt aerosols, methane, nitrous oxide, and dozens of other chemical tracers, each one a signal from a different component of the Earth system.

	Reading all of those signals simultaneously, teasing apart the overlapping records and cross-checking them against one another, is the work of an entire scientific discipline. It is work that has been ongoing for more than sixty years, since the first ice cores were drilled in Greenland in the early 1960s by a team led by Chester Langway of the US Army Cold Regions Research and Engineering Laboratory. The science has matured enormously since then, but the fundamental questions have not changed: what was the climate of the past, and what does it tell us about the climate of the future?

	* * *

	One more thing before we begin. This book is structured around a progression from physical reality to scientific interpretation to consequence. We start with ice: what it is, how it forms, why it preserves information. We move to the methods scientists use to extract that information: isotope analysis, gas chromatography, dust analysis, volcanic tephrochronology. We examine what the information reveals about climate dynamics over geological timescales: the Milankovitch cycles, the carbon feedback loops, the abrupt climate transitions that rewrote habitability across entire continents in decades rather than millennia.

	Then we turn to the present. We examine how paleoclimate data informs and constrains modern climate models. We ask what the ice record tells us about the current trajectory of atmospheric carbon dioxide, which at the time of writing stands at approximately 422 parts per million, a concentration not seen on Earth for at least three million years. And we consider what obligations follow from knowing what we now know.

	The ice has been accumulating this record for millions of years, patient and indifferent, in a place no human being would visit for most of human history. We discovered it relatively recently. We have spent the last sixty years learning to read it. What we have read is simultaneously the most comprehensive account of Earth's climate history ever assembled and the most compelling argument ever made for the urgency of understanding where that history is now heading.

	That argument does not require exaggeration. The numbers are sufficient on their own. Let them speak.

	Why Ice Cores Matter Now

	The timing of this book is not incidental. Ice core science has existed for six decades, but the significance of what it reveals has never been more urgent than it is in this particular moment of the early twenty-first century. We are living through the first decades of a planetary experiment that has no historical precedent: the deliberate, if not always conscious, modification of Earth's atmospheric chemistry at a rate faster than anything the ice record has documented in 740,000 years of continuous observation.

	That experiment is already producing measurable results. The global mean surface temperature, averaged over the 2011 to 2020 decade, was approximately 1.09 degrees Celsius above the 1850 to 1900 pre-industrial baseline, according to the IPCC Sixth Assessment Report published in 2021. Arctic sea ice extent in September 2023 reached its second-lowest extent since satellite records began in 1979. The Greenland ice sheet lost a net 4,700 billion tonnes of ice between 2002 and 2023, as measured by the GRACE and GRACE-FO satellite missions. Alpine glaciers worldwide are retreating at rates not seen since the end of the last ice age.

	Each of these observations becomes meaningful only in the context of the paleoclimate record. Without knowing what Arctic sea ice was like during the Holocene Thermal Maximum, when orbital forcing made Arctic summers warmer than today, we cannot calibrate whether current sea ice loss is within the range of natural variability or genuinely exceptional. Without knowing the rate at which Greenland lost ice during previous warm periods, we cannot say whether the current loss rate is alarming or merely consistent with past behavior under comparable warming. The ice core record provides that context. It is the deep background against which current observations must be read.

	This is one reason why paleoclimatologists have become increasingly prominent in public discussions of climate change. They are not simply historians of climate; they are the people who hold the ruler against which current events are measured. When a paleoclimatologist says that current carbon dioxide concentrations are higher than anything in the 740,000-year ice core record, they are making a precise, quantitative, empirically grounded statement about where we are in Earth's climatic history. That statement does not require extrapolation or modeling. It requires only reading a graph of measured data.

	* * *

	There is also a more personal reason why the timing of this book matters to me. When I first encountered ice core science, as a young researcher reading Richard Alley's account of the GISP2 drilling in his book The Two-Mile Time Machine, what struck me most was not the magnitude of the climate changes the ice documented but the intimacy of the archive. The idea that scientists had recovered actual samples of air that fell as snow during the Bronze Age, during the last ice age, during an interglacial that preceded human civilization by a hundred thousand years, seemed to me one of the most remarkable achievements in the history of science. Not because of its technological sophistication, though the technology is impressive, but because of what it represented: a genuine conversation with the deep past.

	That conversation has become more urgent as the years have passed, because the answers the ice gives back are increasingly ones that concern the immediate future rather than only the remote past. Understanding how much the Arctic warmed during the Last Interglacial tells us something important about how much the Arctic might warm in the next century. Understanding how rapidly sea levels rose during the meltwater pulses of the last deglaciation tells us something important about the range of possibilities for sea level rise in the coming decades. Understanding the relationship between greenhouse gas concentrations and global temperature in the deep record tells us something important about the commitment we have already made by increasing carbon dioxide to current levels.

	None of these conversations is comfortable. But they are honest, grounded in evidence that has been accumulating in cold-storage facilities around the world for six decades, and they are the foundation of the most sophisticated understanding of Earth's climate system that humanity has ever achieved. It would be a disservice to both the science and to the readers to soften their conclusions or to present them in ways that obscure their implications. I have tried not to do that.

	

