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			Foreword

			When I started writing this book I thought that we could probably survive climate change. Now I am not so sure. As you will read in these pages, we are already living in a world one degree warmer than that inhabited by our parents and grandparents. Two degrees Celsius, which will stress human societies and destroy many natural ecosystems such as rainforests and coral reefs, looms on the near horizon. At three degrees I now believe that the stability of human civilisation will be seriously imperilled, while at four degrees a full-scale global collapse of human societies is probable, accompanied by a mass extinction of the biosphere that will be the worst on Earth for tens or even hundreds of millions of years. By five degrees we will see massive positive feedbacks coming into play, driving further warming and climate impacts so extreme that they will leave most of the globe biologically uninhabitable, with humans reduced to a precarious existence in small refuges. At six degrees we risk triggering a runaway warming process that could render the biosphere completely extinct and for ever destroy the capacity of this planet to support life.

			In the UN Paris Agreement signed in 2015, world leaders vowed to hold global temperature rise at 1.5°C, or, failing that, 2°C. So far they have entirely failed to keep their promises. To meet the 1.5°C target we would have had to cut global emissions by nearly half within a decade, and reach net zero by mid-century. Instead, emissions have reached a new record-setting high every year since the agreement. Many countries have offered their ‘Paris pledges’, but even if these were to be fully complied with, their combined effect on emissions is so trivial that they would still take us headlong into the four-degree world. That is why I wanted to write a completely new, fully updated version of Six Degrees, my book that was first published in 2007, because while the world’s scientists have done an amazing job in conducting research and writing papers over the last two decades, somehow the full import of the science has failed to register on our political system. Each chapter of this book makes abundantly clear what every successive degree-by-degree rise in temperature will mean for human society and the planet’s natural systems. The situation has become desperately urgent, and nobody who reads this will be able to say they didn’t know what was coming.

			Even as I was writing this book, I could see the climate emergency continuing to escalate. When I began, Australia was still a normal country. Following the devastating wildfires of January 2020, which themselves followed record-breaking high temperatures that seared a drought-stricken nation, it no longer is. Millions of Australians endured weeks of living under a pall of smoke, as 12 million hectares of bush and farmland were incinerated in catastrophic mega-fires. The human death toll, currently standing at 33, is tragic enough. But spare a thought for the estimated billion wild animals that have also lost their lives. And remember too that there can be no return to normal. Normal has gone, for ever. The COVID-19 pandemic seemed to illustrate this even more starkly. Normal life vanished almost overnight as entire nations locked down. I remember marvelling at blue skies – no longer criss-crossed by the usual jet contrails – as aircraft all over the world were grounded. Carbon emissions slowed temporarily but the climate calamities kept coming: in 2020 so many tropical cyclones formed in the Atlantic that the forecasters ran out of names.

			I can’t tell you with any precision when the globe will reach different temperature levels in the future. This is not so much because the science is uncertain – although to an extent it is – but because the rapidity of warming this century will depend on decisions yet to be made about how far and fast carbon emissions continue to rise. If we stay on the current business-as-usual trajectory, we could see two degrees as soon as the early 2030s, three degrees around mid-century, and four degrees by 2075 or so. If we’re unlucky with positive feedbacks (more on them later in this book) from thawing permafrost in the Arctic or collapsing tropical rainforests, then we could be in for five or even six degrees by the century’s end. On the other hand, if politicians make serious and determined efforts to implement the Paris targets, with the United States coming back into the fold as part of that effort, we can still hold off two degrees until the latter part of the century, and stop three degrees or higher temperature rises from ever happening at all.

			As to which of these two outcomes is more likely, I am sorry to say that I am now substantially more pessimistic about the future than I was when Six Degrees was first published. Back then I believed that if only enough people could be better informed about the reality of climate change, then surely the world would be moved to act. While there have been positive shifts, such as declining coal use in some countries and cheaper renewable energy, these are dwarfed both by rising emissions and an alarming trend towards denialism. By this I don’t just mean the overt climate denial of some US politicians stupid enough to call global warming a ‘hoax’ on Twitter. Nor am I simply referring to the populist backlash that seriously threatens liberal democratic values and has brought the political far right back into international ascendancy for the first time since the defeat of Hitler. (2007 already seems a much gentler world.) I’m talking, in addition, about the kind of denial that we all practise, the ‘implicatory denial’ of climate change that allows us to keep on living our lives as usual despite the obvious implications of what climate scientists are telling us. It’s as if we don’t really believe them.

			After all, it’s still possible – just – to pretend that the world isn’t warming, or that the rate of change is nothing exceptional, or that the warming we see could be the result of ‘natural cycles’ or some such. Even the UN’s Intergovernmental Panel on Climate Change (IPCC) admits this. In its 2014 report, IPCC experts stated that rising greenhouse gas concentrations in the atmosphere due to human activity are only ‘extremely likely’ to have been the dominant cause of observed warming since the mid-20th century. In IPCC-speak, ‘extremely likely’ translates to a precise numerically quantified meaning of 95–100% probability. So yes, that does allow for a 5% probability that climate change is either natural or inexplicable with current knowledge. However, in 2019 a team of scientists re-evaluated these probabilities. Looking at three datasets of observed atmospheric temperatures combined with climate model outputs, they concluded that there is only a 1 in 3.5 million chance that current global warming is natural. That translates into about a 0.00003% chance that the US Republican Party is right. As the scientists wistfully conclude: ‘Humanity cannot afford to ignore such clear signals.’

			I agree, and the task I set myself in writing this book was to make the science so clear that nobody will have any excuse for ignoring it. I have spent years combing through long-forgotten issues of obscure glaciological journals. I have spent whole days lost in the small print of the citations in IPCC reports. In the process I have read hundreds upon hundreds of scientific papers – all so that you don’t have to. So if you want to know the truth about climate change, here it is. I offer this not with optimism, for there is little enough cause for that, but with hope. Even when all else seems lost, hope remains. I can see it now, lighting a way to the future.

		

		
			1°

		

		
			Headline of the century

			It happened in 2015. The event made the news, although only for a day or two, before normal service – terrorism, politics, sport, celebrity gossip – resumed. You could therefore be almost forgiven for not having noticed what might be considered the most important news story of the entire century so far.

			To its credit, the Met Office (the UK’s meteorological service) did put out a press release. This noted that, ‘for the first time, global mean temperature at the Earth’s surface is set to reach 1°C above pre-industrial levels’ (‘pre-industrial’ was defined by the Met Office as 1850–1900). Human activities had, the scientists pointed out, now managed to cause a degree of global warming over and above what would have been the planet’s natural temperature otherwise. There was no mystery about the main driver: look no further than the two trillion tonnes of carbon dioxide gas (henceforth CO2) that have been poured into the Earth’s atmosphere mainly through the combustion of fossil fuels since the start of the Industrial Revolution.

			With one degree already in the bag, some historical comparisons are in order. In just over a century of unbridled fossil fuel use, humanity has returned atmospheric CO2 concentrations to levels last seen in the Pliocene, around three to five million years ago. As a result, global surface temperatures can be expected to go on rising for a long time yet, but the thermal inertia of the planet – the centuries to millennia it takes to warm the abyssal depths of the oceans and melt the colossal bulk of the Greenland and Antarctic ice sheets – means that the temperature rise lags some way behind the ‘forcing’ effect of increased greenhouse gases. As we will see, there is much more still to come.

			Most of the global warming has gone into increasing the heat content of the oceans. The latest estimates published in 2019 by the IPCC are that about 6 zettajoules of additional energy are accumulating in the upper oceans every year. A zetta is a big number: 6x1021 is a 6 followed by 21 zeroes, or 6,000,000,000,000,000,000,000 joules. For comparison, humans use about half a zettajoule per year in our total global energy consumption. A better visualisation might be to quantify all this extra energy in a more evocative unit: the heat released by the Hiroshima atomic bomb. Six zettajoules of energy equates to the same amount of heat as three Hiroshima atomic bombs exploding in the oceans every second. Count them: 3, 6, 9, 12, 15, 18 …

			In late November 2018 the World Meteorological Organization (WMO) confirmed the UK Met Office’s preliminary diagnosis. Based on five independently maintained global temperature data sets, the WMO in its annual State of the Climate report revealed that the global average temperature between 2014 and 2018 was 1.04°C above pre-industrial levels. In other words, we are now definitively living in the one-degree world. For me, seeing this announcement was a particularly significant moment, because when I wrote the original Six Degrees book nearly a decade and a half ago this one-degree world still lay in the future. For the purposes of this book it is as if we have moved forward a chapter: what was once the future is now the present. If we don’t succeed in cutting back carbon emissions in time, the increasingly terrifying impacts detailed in later chapters – of two, three, four degrees and even higher – will also one day become our present. This really is our final warning.

			The view from Mauna Loa

			Mauna Loa, the gigantic shield volcano that sits at the centre of the Big Island of Hawai’i, is so tall that its summit protrudes above most of the island’s active weather. On the east side of the mountain, as the trade winds hit and are forced to climb the slopes, they cool, form clouds and drop torrents of tropical rainfall. This makes Hilo, the island’s biggest town, one of the wettest settlements in the United States. Drive through the glassy lava flows on the long haul up the flanks of the volcano, however, and you will quickly leave the rain clouds far below you. Conditions close to the summit are sub-Arctic, with only an inch or two of precipitation each year, much of that in the form of snow.

			The paved road ends at the 3,200-metre contour line, where a group of antiquated buildings scattered across the volcanic debris together comprise the Mauna Loa Observatory. The Observatory is not as high as the solar telescopes that cluster atop the 4,207-metre summit of Mauna Kea, visible seemingly floating above the cloud layer 40 kilometres to the north. It is, however, arguably more historic, certainly from an earthly perspective. It was here that atmospheric chemist Charles Keeling first began collecting samples of airborne CO2 in 1958, seemingly on a whim and with little official support, using pioneering monitoring equipment that he designed himself.

			Keeling had found that measuring CO2 lower down in the atmosphere was pointless, because the levels fluctuated constantly as a result of emissions from car exhausts, industrial chimneys, vegetation growth and so on. Thanks to its elevation, Mauna Loa rose above all that day-to-day noise, and Keeling’s measurements were the first in the world to show that CO2 mixed at high altitudes through the whole global atmosphere was increasing, in a sawtooth upwards seasonal pattern now known as the ‘Keeling Curve’ (probably the most famous global warming-related graph of all time). Charles Keeling died in 2005, but appropriately his efforts have been continued by his son Ralph, also an atmospheric chemist. Ralph Keeling has made his own subsequent discoveries, such as that the oxygen content of the air is decreasing commensurately with our consumption of fossil fuels, as airborne O2 is combined with carbon extracted from underground to form the gas CO2.

			When Charles Keeling began his measurements in 1958, the rarefied air atop the lava fields of Mauna Loa contained CO2 at a ratio of 315 parts per million (ppm), already substantially higher than the pre-industrial concentration of about 278 ppm. On 10 May 2013 the Scripps Institution for Oceanography, which maintains the Observatory, made a landmark announcement. For the first time ever in human history, CO2 levels had briefly touched the 400 ppm threshold. ‘There’s no stopping CO2 from [permanently] reaching 400 ppm,’ commented Ralph Keeling sadly. ‘That’s now a done deal. But what happens from here on still matters to climate, and it’s still under our control. It mainly comes down to how much we continue to rely on fossil fuels for energy.’ Perhaps no one was listening, because at the time of writing the atmospheric concentration of CO2 has hit 408 ppm. This figure will already be out of date by the time you read this book. You can follow the relentless upwards progress of the Keeling Curve in real time on Twitter, via @Keeling_curve.

			The Keeling Curve is a useful reality check, one that cuts through all the noise and confusion of the climate and energy debates. Unlike the slopes of the huge volcano on which it is measured, the initially gentle upward curve gets steeper the higher you go. That means that the rate of CO2 accumulation in the atmosphere is steadily increasing, from roughly 1 ppm in the early years to about 2 ppm annually today. There is no visible slowdown, no sudden downwards blip, to mark the implementation of the Kyoto Protocol, still less 2009’s Copenhagen ‘two degrees’ commitment or the landmark Paris Agreement of 2015. All those smiling heads of state shaking hands, the diplomats hugging on the podium after marathon sessions of all-night negotiating – none of that actually made any identifiable difference to the Keeling Curve, which is the only thing that actually matters to the planet’s temperature. All our solar panels, wind turbines, electric cars, lithium-ion batteries, LED lightbulbs, nuclear plants, biogas digesters, press conferences, declarations, pieces of paper; all our shouting and arguing, weeping and marching, reporting and ignoring, decrying and denying; all our speeches, movies, websites, lectures and books; our announcements, carbon-neutral targets, moments of joy and despair; none of these to date have so much as made the slightest dent in the steepening upward slope of the Keeling Curve.

			This does not make us powerless prisoners of fortune. No trend continues for ever, and just because recent history has been all one way does not mean the future must necessarily follow suit. These emissions are not extra-terrestrial – they come from our everyday activities. Indeed they are an inescapable part of modern civilisation itself. We can get a sense of the sources, and the magnitudes, from the annual Global Carbon Project report. On average, every year over the last decade we humans transferred 35 billion tonnes of CO2 from the geological reservoirs (that’s coal, oil and gas) into the atmosphere. This was augmented by 6 billion tonnes of CO2 from ‘land-use change’ (that’s deforestation, ploughing up new farmland and so on). About 9 billion tonnes of this new CO2 dissolved in the oceans, and 12 billion tonnes was taken up on land by vegetation and soils. That left a remainder of about 18 billion tonnes to accumulate in the atmosphere and drive the relentless upward climb of the Keeling Curve. (The imbalance of 2 billion tonnes is due to uncertainties.)

			There are small changes in the carbon budget year on year, which sometimes cause great excitement. In 2014, 2015 and 2016, for example, there was little to no annual growth in fossil fuel emissions, which seemed to have stabilised for the first time. Cue some premature celebrations. But had the world reached an early peak in emissions? No. In 2017 growth resumed again, reaching a new high of 36.8 billion tonnes despite a record installation of 161 gigawatts of renewable generating capacity in 2016 alone. In 2018 emissions continued to accelerate, however, increasing nearly 3% on the previous year and pushing CO2 levels to a new historic high. In 2019 growth slowed somewhat, to 0.6% above 2018, thanks to a reduction in coal use in Europe and the US. But what we need is carbon cuts, not slower growth – urgently.

			So what’s going wrong? Well, it’s a matter of scale. The world is hungry for new energy: primary energy demand keeps on increasing, and 80% of that increase is supplied by new fossil fuels. Overall, renewables (not including hydro) in 2019 accounted for only 4% of global primary energy, still much too small a proportion to have any discernible effect on the upward trend in overall emissions. This is why solar and wind have so far not measurably dented the Keeling Curve. According to recent estimates, the installation rate for clean energy sources would have to increase tenfold to arrest the annual growth in fossil fuels.

			Meanwhile, as the measurements conducted in the Observatory buildings continue to show relentlessly rising CO2, Mauna Loa itself is experiencing the effects of the resulting climate warming. Temperatures are gradually rising, and night frosts are rarer than they were when Charles Keeling first began to keep records with his home-made equipment. Mauna Loa may sit above most weather, but no part of the world can entirely escape global heating. Snowfall is less frequent – and the snow melts earlier in springtime – while plant life on the slopes of the mountain is changing with every year that passes. In 1958 Charles Keeling had to design complex and sensitive equipment to discern subtle changes to the Earth’s environment. Now these changes are plain for all to see.

			Back to the future

			With its official average temperature just over one degree above pre-industrial levels, 2015 was the warmest year on record. But what about much longer ago, before humans invented thermometers and started taking measurements? You have probably heard of the Little Ice Age spanning the 17th to 19th centuries, when frost fairs were held on the frozen River Thames in London, or the Medieval Warm Period, when the Vikings colonised Greenland. These are sometimes cited by climate sceptics as evidence of previous variations in the climate, with the accompanying assertion that today’s high temperatures are therefore not caused by humans (a logical fallacy: whatever changed climate in the past is not necessarily what is changing it today) and are nothing to worry about.

			However, a 2019 Nature paper using temperature records from corals, lake sediments, glacier ice, sea shells and trees, collected across the globe from Antarctica to Australia and from Canada to Chile, demonstrates convincingly that these earlier temperature fluctuations were regional phenomena and not globally coherent. So while it is a historical fact that frost fairs were held on the Thames from the 1600s to the early 1800s (our romantic myth of the ideal white Christmas dates from this period), colder European winters at the time were balanced out by simultaneous warmer temperatures in the western half of North America that no one now remembers. This was not a global cooling event, just as the Viking occupation of Greenland or the Romans growing grapes in Britain is not evidence of pre-historic global warming. In fact, according to these multiple data sources, today’s global high temperatures are unprecedented for at least 2,000 years.

			That’s just two millennia, however. What about even longer ago? One study, combining data from 73 different sources around the world, concluded that the early Holocene, from 10,000 to 5,000 years ago, was just over half a degree warmer than the pre-industrial era. Given that temperatures since 2015 have been one whole degree higher than then, it is reasonable to conclude that the globe is now almost certainly warmer than at any point since the end of the last ice age, 18,000 years ago. Indeed, to find an analogue for today’s anomalous warmth, you have to look beyond the last ice age to a period of time between 116,000 to 129,000 years ago often referred to by scientists as the Eemian.

			In the first Six Degrees, I included studies about the climate of the Eemian in my second chapter, corresponding roughly with two degrees of warming. But more recent studies suggest that the Eemian was only about one degree warmer than the pre-industrial Holocene. In other words, it was roughly equivalent to global temperatures we are already experiencing now. Yet the Eemian world was radically different: the Arctic tree line was much further north and hippopotamuses bathed in rivers in southern England. The Eemian isn’t a perfect match with today, because with humans still confined to cave dwelling, atmospheric CO2 remained at pre-industrial levels of about 270 ppm. Why was it then so warm? Probably because slight variations in the Earth’s orbit changed the distribution of incoming solar energy, warming the higher latitudes but leaving the tropics little changed or even slightly cooler than now. Studies of preserved dead midges in lake sediments have found that local summer temperatures in parts of Greenland were somewhere between 5°C and 8°C higher than today, but it seems that there was still plenty of sea ice in the Arctic Ocean.

			Perhaps the most ominous lesson from the Eemian is that even with CO2 at around 135 ppm lower than today, and worldwide temperatures about the same as modern averages, sea levels were six to ten metres higher than at present. Evidence from the Eemian suggests that about five metres of this sea level rise originated from the partial melting of the Greenland ice sheet, which shrank down to a largish remnant in the north-east of the landmass. The implication is pretty clear: it suggests that today’s temperatures are already high enough to eventually melt the majority of the Greenland ice sheet and deliver a multi-metre rise in sea levels. This seems hard to believe, until you travel to Greenland and witness what was once a frozen wasteland currently undergoing rapid, epochal change.

			Greenland’s lakes

			Greenland is turning blue. Hundreds of thousands of iridescent blue lakes now dot the fringes of the rapidly melting ice sheet throughout the summer months, and the melt area has been creeping steadily upwards and inwards towards the interior as global heating bites. The direct impacts of this increased thaw can be dramatic – in late July 2012 so much meltwater was sluicing off the south-western portion of the ice sheet that a bridge was washed away on the Watson River, which empties into a fjord just to the south of the town of Kangerlussuaq. Footage shared on YouTube shows a grey-brown torrent resembling a tsunami washing away a tractor and tearing through the bridge and the road leading up to it in just a matter of minutes.

			This episode is more than just a revealing anecdote. Meltwater flows in the Watson River have been steadily rising in recent years, and on average are now nearly 50% higher than they were in the 1950s. The tattered, debris-covered edge of the giant ice sheet lies just a few kilometres up the valley from Kangerlussuaq, and most of the hundreds of blue lakes that pepper its surface in summer drain into the Watson River, which is fed by a 12,000-square kilometre catchment across the south-western portion of Greenland. In terms of annual averages, the three largest discharge years on record are 2010, 2012 and 2016, with the largest single discharge peak coming in July 2012, explaining why it was then that the bridge over the Watson at Kangerlussuaq succumbed to the dramatic flood.

			The timing of this glacial torrent was no great mystery either. For the first time in living memory unprecedented melting had penetrated right up to the summit of the giant ice sheet, located at 3,216 m in altitude. Summit is classed as a polar desert, an inhospitable place of frigid thin air and snow as dry as dust. On 12 July 2012, however, temperatures edged above freezing at the summit for the first time in recorded history, and the automated weather instruments permanently located there were surrounded by slush. Lower down, on the western side of the ice sheet, climate researchers were forced to rebuild their camp when snow and ice supports melted away. Things were no better in North Greenland where Danish scientists logged six consecutive days of above-freezing temperatures at the surface between 10 and 15 July. It even rained on 11 and 13 July, with melt and rainwater percolating down into what had previously been permanent snow.

			When the first satellite data came in about the July 2012 melt event, scientists analysing it thought their instruments must have malfunctioned. Later visuals showed the entire ice sheet coloured deep red, indicating pervasive melt conditions. When the scientists checked their data with output from other satellites, they found that on 8 July the temperature of about 40% of the ice sheet surface was above freezing. On 12 July the figure was 98.6%. Virtually the whole of Greenland was in the melt zone, the first time any of the scientists studying the colossal ice sheet had seen such a thing.

			Longer-term data show that all-Greenland melt events are extraordinarily rare. A December 2018 paper concluded that the 2012 melt rates were exceptional and ‘likely also to be unprecedented over the last 6,800–7,800 years’. The same paper stated that there has been a 500% increase in melt intensity at the ice core site in just the past 20 years. The latest data show that the fastest-expanding melt zones are now in the northern portion of Greenland, in what should be the coldest area closest to the North Pole.

			Once the domain almost exclusively of ice and snow, Greenland has begun to see more rain, even in the depths of winter. While fresh snow is brilliant white, reflecting most of the sun’s radiation back out to space, thawing slush is less reflective, and the bare ice sheet with snow removed is darker still. All around Greenland the snowline has retreated uphill, exposing more uncovered ice to the full heat of the summer sun. As the fringes of the ice sheet gradually shrink inland, bare rock and glacial debris are revealed, leading to an increase in dust storms. Plants have begun to colonise new areas, and are now coming into leaf a week or two earlier as spring temperatures rise.

			It has long been clear from ice core records that the climate in Greenland can do sudden and strange things. About 11,700 years ago, at the end of a colder period called the Younger Dryas, temperatures shot up by 15°C over a few decades. A similarly dramatic warming, of 9°C in less than 70 years, took place 14,760 years ago during the last ice age. Scientists fear that Greenland may currently be crossing a similar threshold of rapid climate change, one that could lead to the eventual loss over centuries of the entire ice sheet. Mean annual air temperatures are already 3°C higher than they were a few decades ago. But these shifts did not happen gradually: they came about in sudden jumps, of 2°C in 1994 and a further 1.1°C in 2006. This is a rate of change that, if sustained over decades, easily matches the major climate tipping points of the distant past.

			And 2019 was another epochal year. Temperatures across Greenland soared to 12°C above the late July average, and the summit of the ice sheet saw another thaw between 30 and 31 July 2019. This time temperatures at the highest point topped the record set in 2012, and stayed above freezing for longer over a two-day period. In response to these rapid changes, some scientists have begun to warn that the projections for 21st-century sea level rise may need to be revised upwards. According to one researcher, the current melt rates weren’t supposed to happen until 2070. In the first Six Degrees I reported that Greenland’s contribution to sea level rise was about 0.3 mm per year. In 2019, according to preliminary estimates, the melt rate may have been as high as 1.5 mm, a fivefold increase. If that’s not a tipping point, I don’t know what is.

			Arctic on thin ice

			Signs of increasingly rapid global warming are now evident throughout the Arctic, where temperatures are rising at a rate two to three times the global average. In late December 2015 at the North Pole itself temperatures rose close to freezing. Under normal circumstances, air temperatures at the pole would be averaging around -30°C during the frigid polar nights of late December. On this occasion temperatures shot up by 25°C in just one day as a deep low-pressure system wafted in sub-tropical air from the south. Although no one was there to witness it directly, it seems likely that it was even raining at the North Pole for a brief period at the height of the Arctic winter.

			This extreme Arctic warming event lasted for 40 days between 29 December 2015 and 6 February 2016, during which the entire polar Arctic above 66°N saw temperatures 4–6°C above average. Scientists studying the event called it ‘unheard of’ and ‘super-extreme’ – but the following December it happened again. ‘A weather buoy about 90 miles south of the North Pole registered a temperature at the melting point of 0 Celsius early Thursday,’ reported the Washington Post, adding: ‘Santa may need water skis instead of a sleigh this year.’ Temperatures throughout a broad area of the Arctic were 20°C or more above normal in November and December. At a time when the Arctic sea ice should have been regrowing due to winter cold, it actually shed another 50,000 square kilometres (19,300 square miles), an event unprecedented during the entire satellite period. The high Arctic temperatures of October and November were ‘off the charts’, said baffled experts.

			To test whether the event could have been caused by chance, scientists at the World Weather Attribution network plugged the temperature data into climate models and compared the results with ‘natural’ conditions without global warming. None of them showed Arctic events as hot as 2016 in the simulated world without human carbon emissions.

			So what’s going on? Part of the answer comes from the long-term trend in declining Arctic sea ice, which has been shrinking in area by 13% a decade (in its minimum summertime extent) since satellites began measuring it in 1978. That means half the entire Arctic’s stock of sea ice has disappeared since the late 1970s, and what remains has become about 85% thinner. In fact the thinning trend has become so extreme that scientists now struggle to find thick enough ice floes on which to deploy their measuring instruments. All this new open water has transformed the atmospheric dynamics of the Arctic region, allowing warm, moist winds – whose energy would previously have been dissipated by ice – to penetrate right up to the pole itself.

			Other researchers have confirmed that the extreme polar heat of 2016 would not have been possible without the extensive disappearance of Arctic sea ice. While 2018’s Arctic ice minimum was only the sixth lowest in the satellite record, the overall trend continues irrevocably downwards, equating to 82,300 km2 lost on average every year, an area four times the size of Wales. Cumulatively this adds up to a vast total: the extent of Arctic summer sea ice lost since the 1980s would be sufficient to cover 40% of the contiguous United States. And the 2019 September sea ice area, at 4.15 million square kilometres, was the second-lowest since the beginning of the satellite era in 1979. Nature reported that 13 of the lowest Arctic sea-ice extents have been recorded in the last 13 years.

			Because there is now dark-coloured open water during the summer rather than highly reflective snow and ice, solar heat absorption has increased fivefold since the 1980s in the once-frozen seas north of Alaska and Canada, introducing vast quantities of additional energy into the Arctic system. I wrote about the Arctic albedo feedback in the first Six Degrees: ‘While bright white, snow-covered ice reflects more than 80% of the sun’s heat that falls on it, the darker open ocean can absorb up to 95% of incoming solar radiation. Once sea ice begins to melt, in other words, the process quickly becomes self-reinforcing: more ocean surface is revealed, absorbing solar heat, raising temperatures and making it more difficult for the ice to re-form during the next winter.’ This change in albedo (how much sunshine gets absorbed by darker coloured surface versus how much gets reflected from brighter surfaces) has now been measured directly by satellites, and its impact is dramatic. Averaged globally, the heating effect is equivalent to pumping another 200 billion tonnes of CO2 into the atmosphere.

			Global warming makes us all responsible for this dramatic on-going transformation of the Arctic, and in a surprisingly direct way. Scientists have found a linear relationship between cumulative CO2 emissions and the September sea ice minimum. It turns out that every metric tonne of CO2 implies a sustained loss of 3 m2 of Arctic ice. Given the disparities in emissions between countries, that means that every American is on average responsible for the loss of nearly 50 square metres of ice each year, while a British person is responsible for just under 20 m2 of annual ice loss. This compares to 22 m2 of disappeared ice for each Chinese, 5 m2 of loss for each Indian but under 1 square metre each for the low fossil fuel-consuming inhabitants of east Africa. For Antarctica the equivalent figures are even more dramatic: each kilogram of released CO2 is responsible for melting two metric tonnes from the much larger ice cap over the South Pole.

			This transformation of the Arctic is also having serious effects on the wildlife of the polar region. That most emblematic symbol of global warming – the polar bear – is facing population declines because it depends on the sea ice on which to hunt seals. Less ice means fewer seals can be caught, which translates to fewer cubs able to survive into adulthood, and more hungry, skinny adult bears scavenging on ice-free coastlines during the summer. Body-fat samples recovered from polar bears shot by Inuit hunters – who together typically harvest a couple of hundred bears per year across Canada – show a strong seasonal correlation between the availability of sea ice and the condition of the polar bears. ‘We’re restructuring a whole ecosystem,’ says polar bear ecologist Andrew Derocher. ‘Sea ice is to the Arctic what soil is to the forest. Without sea ice we’ll still have an ecosystem but it won’t include polar bears and many other species.’

			It’s not yet too late to save the polar bear. Scientists have determined that dramatic emissions reductions and the stabilisation of CO2 at 450 ppm could still retain enough summer sea ice to prevent the polar bear becoming extinct in the wild. Polar bears are not the only species highly dependent on sea ice; walrus, bearded and ringed seals, bowhead whales, beluga and narwhal all need ice for part or all of their life cycles. And the changing Arctic ecosystem brings other new threats. Those marine mammals that survive the loss of ice face being chopped up by boat propellers thanks to the increase in shipping traversing the newly open Northern Passage. The rapid warming affects the oceans too, with Arctic fish species retreating north towards the pole as Atlantic and Pacific migratory fish move in.

			These ecological shifts can have tragic effects. For example, the summer sea ice edge has retreated 400 km further away from the nesting grounds of the black guillemot on Cooper Island, off the north coast of Alaska. The guillemots’ primary prey species, Arctic cod, has retreated with the ice, and the majority of chicks now starve to death. Seabird die-offs have also been recorded thanks to low ice conditions in the Bering Sea. With more moisture in a warmer atmosphere, heavy snow can also be an issue – in the summer of 2018 so much snow was left lying across the high Arctic that scientists documented a near-total collapse in the food web of north-east Greenland. Plants failed to flower until late in the season, while migratory shorebirds had only a few eggs hatching. Those nestlings that did fledge would not have had enough time to grow to full size in time to survive the return southward migration. Some shorebirds even starved to death. There were no Arctic fox cubs, and almost no muskox calves. This was the ‘most complete reproductive failure encountered in the terrestrial ecosystem during more than two decades of monitoring’, scientists reported.

			The ongoing reorganisation of the Arctic system is also beginning to have ricochet effects on weather patterns across the Northern Hemisphere. Record-breaking wildfires in California, for example, have been linked to changes in atmospheric circulation possibly triggered by the disappearance of Arctic sea ice. These changes are one of the factors behind the devastating multi-year drought that has parched much of the south-western United States, making the area tinder-dry and extremely prone to wildfire outbreaks. This drought has also led to declining yields of crops in the United States, thereby fingering faraway Arctic sea ice as a factor in falling food production thousands of kilometres away. One study published in May 2019 suggests an additional relationship between reductions in sea ice in the Hudson Bay and more frequent heatwaves across the southern Plains of the United States. Another points to a ‘regime shift’ towards ice-free conditions taking place in the Barents Sea in 2005 that may have subsequently ‘contributed to the increasingly frequent extreme weather events experienced over Europe in the past decade or so’.

			Several studies have also suggested a possible Arctic amplification fingerprint in ‘planetary waves’ – large-scale wave-like meanders in the Northern Hemisphere jet stream that can remain nearly stationary for long periods of time and cause devastating weather extremes, from summer heatwaves to floods or even winter cold events. Although some experts urge caution in assigning blame, multiple studies have linked these waves to events as diverse as the 2003 European heatwave, the Russian heatwave and Pakistan floods of 2010, the 2011 Texas drought and the persistent lack of rainfall in California, evidence that is now supported by climate models. These ‘blocked’ weather patterns have also contributed to record cold extremes in the Eurasian and North American continents in recent years. Warming of the Arctic Ocean may have helped weaken and shift the ‘Polar Vortex’ of extremely cold, high-pressure air, bringing intense winter conditions across Eurasia and North America. The evidence linking this shift with the changing Arctic is increasingly strong: one study showed a clear link between anomalous warmth in the newly ice-free Barents–Kara Sea region of the Arctic Ocean and severe winters in East Asia, and also linked extreme cold in North America to extra heat in the Chukchi Sea north of Alaska. Another group of meteorologists assessed the record-breaking cold and blizzards that hit parts of North America in the winter of 2014/15, and found that reduced Arctic sea ice might have helped drive the ‘anomalous meander of the jet stream’ which led to the extreme cold.

			Teasing out the relative contributions of the different factors is incredibly complex, but one thing is clear: the Arctic circulation that has been established for millennia is breaking down, and this must be having impacts further afield as well. As Chris Rapley, professor of climate science at University College London, told the Guardian:

			What happens in the Arctic doesn’t stay in the Arctic. By upsetting the energy balance of the planet we are changing the temperature gradient between the equator and the pole. This in turn sets in motion major reorganisations of the flow patterns of the atmosphere and ocean. The consequences are emerging and they are disruptive, and likely to become even more profoundly so.

			In the summer of 2019 the Arctic even began to burn. In mid-June more than a hundred wildfires were burning above the Arctic Circle across Alaska, Siberia and Canada. Even Greenland saw wildfires erupting on fenlands scorched by unusual summer heat. But most importantly of all, the Russian wildfires were not just burning trees. They were also smouldering in dried-out peat, much of it formerly immobilised in permafrost. By the end of July it was estimated that the blazes had released more than 120 million tonnes of CO2 – an all-time record, and more than the total annual emissions of Belgium. All this extra carbon can only do one thing: accumulate in the atmosphere and cause more warming. These weren’t just wildfires, they were positive feedbacks, showing that the heating of the Arctic is threatening to run out of control.

			Gulf Stream collapse

			The winter blizzards of recent years were as nothing compared with the icy onslaught that hit Europe about 12,000 years ago during the Younger Dryas. During this brief return to near ice age conditions, thawing glaciers in the British Isles and other parts of northern Europe suddenly re-advanced. The remains can be seen all around the peaks of Britain’s now ice-free hills, such as the Lake District, the Scottish Highlands and Snowdonia, where tell-tale hummocks of grassed-over moraines testify to the final extent of these long-disappeared small glaciers. The cause of the sudden cold snap is still disputed, but the driver may have been a shift in the strength of the critically important Atlantic current popularly known as the Gulf Stream. Even longer ago, during the depths of the last ice age, abrupt periods of extreme cold – during which armadas of icebergs were launched across the North Atlantic – have also been blamed on fluctuations of this gigantic ocean current.

			Today, the ‘Atlantic Meridional Overturning Circulation’ (AMOC, of which the true Gulf Steam is but a small component) continues to have an outsized impact on Europe’s climate. It is thanks to the AMOC that north-western Europe is roughly 6°C warmer than equivalent maritime latitudes on the Pacific coast of North America. This mighty current carries sub-tropical surface water equivalent in volume to the flow of all the world’s rivers north via the Gulf Stream to the British Isles and Scandinavia. The AMOC is so big that it even has its own unit, the Sverdrup (Sv), equivalent to one million cubic metres of water moving at one metre per second. The AMOC has an average strength of around 17 Sv in the North Atlantic; compare this with the flow of the Amazon – the world’s biggest river – at a paltry 0.2 Sv. It transports oceanic heat of 0.9 petawatts, equivalent to the output of half a million or so nuclear power stations from the tropics to the higher latitudes. For this reason alone, the Northern Hemisphere as a whole is warmer than the Southern Hemisphere, because ocean heat is transported from the south across the equator and into the North Atlantic. A fictionalised AMOC shutdown was the scenario depicted in the 2004 film The Day After Tomorrow; while the giant tsunami hitting New York might have been stretching things a little, it is widely agreed that a total AMOC collapse has the potential to plunge Europe back into decades of sub-zero winters and destabilise weather across the globe.

			Whether the AMOC is beginning to weaken – and if so, whether human global warming is to blame – is currently the focus of intense debate. The driving forces behind the AMOC are the areas of very salty, colder water that form offshore from Greenland, Iceland, Scandinavia and Arctic Canada during the winter. This water has a higher density than warmer, fresher surface water and consequently sinks to the ocean floor, where it begins a long journey south to restart the process, like a gigantic heat conveyor belt. Although there is substantial variability year to year, recent data from ocean sensors shows that the strength of the AMOC has already slowed by 15% since the mid-20th century, making it weaker now than probably at any point in the last 1,500 years.

			Studies based on data gathered by ocean arrays found that the AMOC’s strength declined by 0.6 Sv per year – that’s three River Amazons’-worth – between 2007 to 2011, and that this weaker state still persists today. It is possible that this is just part of a longer natural fluctuation, as one later study suggests. However, concerns have been growing that the weakening of the AMOC current is linked with the huge quantities of fresh water that are now sluicing off the thawing Greenland ice sheet every summer. This meltwater, combined with increased rainfall, is diluting the waters of the north Atlantic, reducing its salinity. Less saline water is less dense and heavy, and therefore does not sink into the depths and drive the movement of the current.

			Climate models also disagree about whether and how the AMOC will collapse, making this issue one of the classic ‘known unknowns’ in the climate debate, a potential shift that could have huge impacts through global weather destabilisation. Whether the current weakening trend will continue is highly uncertain. But one thing we do know: AMOC collapse has happened before, and it had drastic impacts on the climate of the entire Northern Hemisphere. Any prolonged shutdown would have equally disastrous effects today.

			Antarctic icebergs

			They called it B-46. This was not a code name for a new bomber or some other piece of military hardware, but something potentially much more significant. B-46 was huge, 300 km2 in area – a gigantic iceberg spawned in November 2018 by one of Antarctica’s biggest glaciers, Pine Island Glacier (PIG). And B-46 was not even a record, being substantially smaller than the more than 500 km2 monster that floated away from the same Antarctic glacier in 2015. PIG, the mothership for these mega-bergs, is one of the largest ice streams draining the West Antarctic Ice Sheet (WAIS) and has consequently been the focus of intense study in recent years. Something big is happening to PIG: from 1974 to 2010 it accelerated by 75% to a forward speed of 4 km per year. At this speed an observer standing on land at the edge of the glacier would almost be able to see the massive stream of ice grind by with the naked eye. Its rate of annual ice loss in the same period increased from 6 billion tonnes per year to 46 billion tonnes, an increase of a whopping 750%. The accelerating rate of melt now makes PIG the largest single glaciological contributor to sea level rise in the world. This one glacier now adds a tenth of a millimetre each year to the height of the global oceans.

			Although the front of the glacier is floating on the ocean, its grounding line – where the glacier’s base is attached to the seabed – has retreated by 30 kilometres inland since 1992, and herein lies the problem. Like its neighbour, the even bigger Thwaites Glacier, the bed of PIG slopes downhill towards the centre of the West Antarctic Ice Sheet, where it is anchored over 1,500 metres below sea level. Many scientists fear that a process of irreversible collapse has already been triggered, with a positive feedback seeing warming waters penetrating further and further towards the centre of the vulnerable ice sheet in a process of unstoppable melt that will continue for centuries to come.

			All-told, the WAIS has enough ice to raise global sea levels by more than three metres. However, this massive meltwater pulse would not be released overnight. Currently the whole WAIS is adding about 0.3 mm per year to global sea levels, but this rate is increasing as the massive glaciers that drain into the warming ocean shed more and more mass. In May 2019 Antarctic scientists published their latest data; this showed that both Thwaites and Pine Island glaciers have thinned by up to 122 metres in places and that rates of ice loss have increased fivefold since surveys began in 1992. They concluded that nearly a quarter of the entire West Antarctic Ice Sheet is now in ‘structural imbalance’. Scientists fear that a ‘wave of thinning’ is spreading rapidly across some of Antarctica’s most vulnerable glaciers, driving up sea levels around the planet.

			Rapid changes are taking place elsewhere in Antarctica too. A huge 100-metre waterfall of meltwater now pours off the edge of the Nansen Ice Shelf into the ocean during the Austral summer. Although melting on Antarctica is not new – streams and ponds were also documented by early explorers – researchers now envisage a gradual transformation towards a melt regime closer to that of Greenland. Indeed, in September 2019 researchers reported having spotted more than 65,000 lakes all around the margins of the East Antarctic, many in areas previously thought too cold to allow substantial summertime thawing. One of the new lakes was more than 60 kilometres long, and meltwater pools were spotted as far as 500 km into the interior of the vast ice sheet and as high as 1,500 metres in elevation.

			In March 2015 the tip of the Antarctic Peninsula registered the highest ever temperature recorded on continental Antarctica, a balmy 17.5°C, an event classed as an ‘extreme Antarctic heatwave’ and which helped trigger yet more melting across nearby ice shelves. Some ice shelves have been suffering periods of intense melt even in the dead of the Antarctic winter. Ocean waves now reach exposed glacier fronts that were previously protected by sea ice, promoting rapid disintegration. The Larsen C shelf may in fact be the next to disintegrate, following on the heels of the collapse of Larsen A in 1995, Larsen B in 2002 and Wilkins in 2009. Larsen C reduced in size in 2017 by 10% following the calving of a single colossal iceberg of 5,000 km2 in area, larger than the US state of Rhode Island and ten times bigger than anything that PIG could produce.

			Overall, the latest survey – published in the journal PNAS in 2019 – shows that the rate of ice loss from the continent has increased sixfold over the last four decades, from an estimated 40 billion tonnes to 252 billion tonnes per year. Although the majority of the melt comes from the more immediately vulnerable West Antarctic ice sheet, East Antarctica is now a ‘major participant in the mass loss’. This is noteworthy both because East Antarctica contains the vast majority of the continent’s ice, and because it was previously thought too cold to lose significant mass. This melt has added about 14 mm to global sea levels since 1979, an amount that would have been even higher were it not for the fact that rising temperatures are increasing snowfall and accumulation rates in the interior of the frigid continent. ‘I don’t want to be alarmist,’ Eric Rignot, lead author of the 2019 PNAS paper and an Earth-systems scientist for the University of California at Irvine and NASA, told the Washington Post, ‘[but] the places undergoing changes in Antarctica are not limited to just a couple of places. They seem to be more extensive than what we thought. That, to me, seems to be reason for concern.’

			The current melting in Antarctica may sound huge, Rignot added, but actually it is ‘just the tip of the iceberg, so to speak’. The future is a much greater concern. ‘As the Antarctic ice sheet continues to melt away, we expect multi-metre sea level rise from Antarctica in the coming centuries.’ All round the continent, grounding lines where glaciers meet the ocean are retreating, as experts have long feared. Although the ice-sheet models project relatively slow melt rates, recent evidence suggests that glaciers in contact with the warming oceans may thaw much more rapidly than expected. This would not just be two or three times faster, either. ‘The observed melt rates are up to two orders of magnitude greater than predicted by theory,’ the experts reported. If Antarctic tidewater glaciers all increase their melting rate a hundredfold over what has so far been predicted, expect much quicker impacts on the world’s coastlines.

			Melting mountains

			‘El Nevado Pastoruri estuvo aquí en 2015,’ announces the sign (‘The Pastoruri Glacier was here in 2015’). All around are rocks, and the front of the receding mass of ice is now hundreds of metres away. Welcome to Peru’s famous Ruta del Cambio Climático – Climate Change Route – that winds its way up to the rapidly thawing snows of the Cordillera Blanca in Huascarán National Park. Once famous for its ice caves, this easily accessible glacier has split in two and now mostly turned into a lake. Tourists are requested not to climb on the ice or break pieces off; where once Peruvian high-school students used to slide down on plastic bags, most of the glacier is now roped off to protect it from further damage.

			The ice-clad peaks of the Cordillera Blanca are sacred places for me. A chapter in my first book detailed my journey to a remote glacier on the eastern side of the range above the small town of Huari, retracing the footsteps of my father’s team of geological surveyors, who made the trek back in 1980. When I visited in 2002, the glacier I was looking for – a huge wedge of ice that tumbled down a precipice and calved icebergs into a lake – had disappeared. I haven’t been back since, but Google Earth shows that the parent glacier has receded well back from the top of the slope, and will now be out of sight of my 2002 vantage point at the lakeside below. One of my favourite photos from this expedition was of our bivouac site high on the ridge to the north, on a lovely round tongue of snow that protruded from the upper-level glacier. That seems to have gone now too; indeed the whole ridge looks denuded and bare.

			The ice on these peaks has more than just sentimental value for climbers like me mourning its loss. The high mountains are sacred to local people as an abode of the Incan spirits and for their very practical value as a source of freshwater. Most communities in the area depend on glacial runoff for much of their water, and this diminishing resource is beginning to spark conflicts between settlements. Huaraz, the main town in the province and a climbers’ mecca within sight of Peru’s highest peak, depends on glacial runoff for 90% of its water during months of drought. The water from glaciers on the western side of the Cordillera runs off into rivers that then enter the Pacific via an intensely arid coastal plain (water on the eastern slopes ends up in the Amazon). Without this freshwater for irrigation, the majority of Peru’s agricultural production – not to mention its hydropower – would disappear. The sprawling capital city Lima is also dependent on mountain runoff for its fresh water, part of which originates from glacial melt. In neighbouring Bolivia, the high-altitude capital La Paz gets about 15% of its annual average water supply from surrounding mountain glaciers, but this rises to as much as 85% during dry months.

			Peru’s glaciers are now critically endangered. The Cordillera Blanca has lost a third of its area in recent decades, and other Peruvian glaciated mountain ranges are suffering similar losses, as are those elsewhere in the Andes. Overall, the South American Andes have shed nearly 23 billion tonnes of ice since the year 2000, contributing more to sea level rise than even the Himalayas. The melt rate on mountain glaciers around the world is now so rapid that, combined, they now add nearly as much to sea level rise each year as the whole Greenland ice sheet, totalling an estimated 335 billion tonnes of melted ice.

			Glaciologists do not tend to communicate in overly emotive language, but the latest publications suggest that even they are beginning to panic. ‘Rates of early 21st-century mass loss are without precedent on a global scale, at least for the time period observed and probably also for recorded history,’ wrote a team of authors from the World Glacier Monitoring Service recently in the Journal of Glaciology. With a few short-term regional exceptions, every major mountain range in the world is rapidly losing glacial mass.

			It is not just glacier ice that is disappearing; snow cover is vanishing too. California, the most populous state in the US, with the world’s sixth-largest economy and producing a quarter of all the country’s agricultural produce, depends for 30% of its freshwater on the Sierra Nevada winter snowpack. This is because most of the state’s precipitation comes in the winter, accumulating in the high mountains as deep snow cover. This snowpack then gradually melts during the dry spring and summer months, keeping the rivers flowing and irrigating the vegetable and fruit crops that flourish in the state’s Mediterranean climate. However, with more winter precipitation now coming in the form of rain, less and less snow is accumulating to keep the rivers flowing during the summer dry season. On 1 April 2015, for example, after four years of record-setting drought, scientists calculated that the Sierra Nevada snowpack was at only 5% of its historical average, a low that they declared ‘unprecedented in the context of the past 500 years’.

			Other mountain ranges have also suffered from strange wintertime climate shifts. In the European Alps sudden warming events have become increasingly common. In December 2015 an unprecedented ‘winter heatwave’ hit the eastern Alps, with temperatures rising above freezing even as high as 2,500 metres in altitude, removing lying snow and even melting the glacier ice underneath – something previously unknown in winter. In January 2018 high temperatures – again in the Alps – brought heavy rain that melted lying snow, causing landslides and debris flows in French and Swiss alpine valleys. Higher up the slopes more than five metres of snow fell, adding to the risk of huge avalanches hitting roads and villages, and leaving tourists stranded in major ski resorts.

			In lowland areas across Europe, meanwhile, snow cover is now ‘dramatically decreasing’, in the words of one 2018 study published in the journal Geophysical Research Letters. The authors found that the average snow depth in Europe had decreased by more than 12% per decade since the 1950s, and that this trend had accelerated after the 1980s. Memorable cold extremes can obscure these longer-term trends; where I am based in the UK, the winter of 2017–18 saw heavy snowfalls and prolonged freezing temperatures during an Arctic blast dubbed the ‘Beast from the East’. The following winter, temperatures hit an all-time high, reaching 20°C in mid-February. This latter event – much more unusual in a historical context than a couple of weeks of blizzards – was quickly lost to memory.

			The heatwave that came in the summer of 2019 won’t be so easily forgotten. France set a new all-time temperature record, with daytime highs of a sort normally seen in North Africa rather than Europe. Up in the French Alps, the high temperatures melted out a new glacial lake below the spectacular summit of the Dent du Géant in the Mont Blanc massif. Alpinist Bryan Mestre’s Instagram photo of a turquoise-blue pond entirely surrounded by ice, 3,500 metres up the mountain, quickly went viral. The climber himself was perturbed: ‘I have been up there a fair amount of times, in June, July and even August, and I have never seen liquid water up there.’ Mestre might have compared his photo with similar ones from melting mountain ranges around the world, from the Himalayas to the Andes – even perhaps to tourist photos taken in Peru’s Cordillera Blanca, where at the end of the Ruta de Cambio Climático an even bigger lake is steadily replacing what is left of the once-famed Pastoruri Glacier.

			Fickle floods

			Not all climate impacts in our one-degree world are as clear-cut as the melting glaciers in the Alps and Andes. So it is with the vexed issue of floods. The IPCC’s most recent summary is a masterpiece of studious equivocation. After reviewing a number of sources, it concludes: ‘In summary, streamflow trends since 1950 are not statistically significant in most of the world’s largest rivers, while flood frequency and extreme streamflow have increased in some regions.’ In 2012 the IPCC released a special report on extreme events, which looked at how climate disasters were impacting society and how those impacts could be mitigated. It acknowledged that while there have been increases in heavy rainfall events, there was ‘low confidence’ in any resulting changes in flooding. A year later, in 2013, the IPCC’s Fifth Assessment Report assessed the situation similarly, admitting that confidence remained ‘low’ about any potential increases in flooding.

			The IPCC’s caution was well justified. The most comprehensive recent review of river-flow trends at the global scale, published in 2016, investigated 50 years of changes on the world’s largest 200 rivers. Out of these rivers, those exhibiting negative trends in flow rate (totalling 29) slightly outnumbered those showing positive trends (26). All the largest rivers – the Amazon, Congo, Orinoco, Chang Jiang, Brahmaputra, Mississippi, Yenisei, Parana, Lena, Mekong, Tocantins and the Ob – showed peaks and troughs over the period, as might be expected from natural climate variability. But there were no obvious upward trends in any of them that might indicate increased runoff or more severe flooding. Indeed, for the vast majority, 145 out of 200, any long-term (1948–2012) trends were statistically insignificant. A second study, published in 2017 and investigating changes in water flows at 9,213 river-monitoring stations, found ‘more stations with significant decreasing trends than significant increasing trends’, confirming the 2016 analysis.

			This situation might seem perplexing because of frequent media reports about flood disasters around the world, which are often attributed to the changing climate. Plus, as all these reports acknowledge, there is unambiguous evidence that global warming is leading to heavier and more frequent intense precipitation events across much of the globe. This observed increase in precipitation intensity fully accords with climate physics. Warmer air can hold more water so as climate change accelerates, there is potentially more vapour available in a warmer atmosphere to be condensed into clouds and fall as rain, hail or snow.

			For heavy precipitation, therefore, the IPCC offers no equivocation. ‘The observed record suggests that increases in precipitation extremes can be identified for annual maximum 1-day precipitation and consecutive 5-day precipitation [events],’ it stated in 2018. In other words, short-term cloud bursts and long-term deluges have both got worse. According to one recent assessment, a quarter of the land mass on Earth has experienced a definitive increase in heavy rainfall events. Extreme precipitation has been found to be increasing far faster than the average, and the number of record-breaking rainfall events is also clearly increasing.

			Evidence is now stacking up from around the world. A 2019 study found an intensification of storm rainfall totals in the south-western United States, while a 2017 Nature Communications paper reported a ‘threefold increase in widespread extreme rain events over central India during 1950–2015’. Perhaps counter-intuitively, arid areas are just as affected as wet regions by this increase in extreme rainfall. For example, a recent study found a tripling in the frequency of extreme storms in the dry Sahel region of West Africa since the 1980s. Flash flooding is often followed by ‘flash droughts’, sudden and intense dry periods combined with extreme heat; such events have tripled in incidence in southern Africa over the last 60 years.

			Researchers also found that the extreme rains that hit Wuhan, China, in June and July 2016 are now ten times more likely in the one-degree world. These storms dropped over a metre of rainfall, causing severe flooding, the loss of 237 lives and $22 billion in economic damage, making them the second-most expensive weather-related disaster in China’s history. In the United States, the strongest type of large-scale storm – the ‘mesoscale convective systems’ that often generate destructive tornados and large hailstones – are becoming more frequent and lasting longer. When it comes to heavier rainfall, therefore, the jury is no longer out.

			So why has this not translated into clearly observed increases in flooding? A 2018 study examining this question acknowledged that there is a clear ‘dichotomy’ between the trend towards heavier
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