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January 1859, Tyndall began studying the radiative properties of various gases. Part of his experimentation included the construction of the first ratio spectrophotometer, which he used to measure the absorptive powers of gases such as water vapor, "carbonic acid" (now known as carbon dioxide), ozone, and hydrocarbons. Among his most important discoveries were the vast differences in the abilities of "perfectly colorless and invisible gases and vapors" to absorb and transmit radiant heat. He noted that oxygen, nitrogen, and hydrogen are almost transparent to radiant heat while other gases are quite opaque
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In 1849, 151 years ago, John Tyndall (pictured) discovered that CO2 is a greenhouse gas. He did this by shining light through two tubes, one with ambient air, and one with air having elevated CO2. He simply read the thermometer in both these tubes, and found that the one with elevated CO2 was warmer. (reference: http://earthobservatory.nasa.gov/Features/Tyndall/)

This slide also has the absorbances for other greenhouse gases, with N2O (laughing gas, ~300x as potent as CO2 per molecule) and CH4 (methane, ~23x as potent as CO2 per molecule) highlighted, since they are the next most important greenhouse gases behind CO2. Water is also highlighted, since it is the most potent greenhouse gas. However, it’s residence time in the atmosphere is so short that we can only hope to control this by controlling emissions of the other GHGs. The other GHGs are as potent as they are because they fall into gaps where water does not absorb

Slide 3:

The Keeling curve vividly illustrates that CO2 concentrations are rising. The saw-tooth nature of the curve is a result of more land and therefore more photosynthesis in the northern hemisphere; in the Northern Hemisphere spring and summer, CO2 is drawn down, and in the winter and fall, when leaves drop and decay, the CO2 rises again.
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(4) +39 means that terrestral has been a source of CO2 emissions. –(15) suggests that it has become a sink. 

 

1800-1994: 244+100 (sources) = -(-165 - 118 - 61) (sinks) 

1980-1999: 117 + 24 (sources) = -(-65 -37 -39) (sinks)

Table from Sabine et al., 2004. Science vol 305, pp 367-371. The calculations of Carbon Budgets since 1800, clearly showing we’ve emitted twice as much CO2 as is necessary to account for rise since the industrial revolution as documented in the Keeling curve and paleorecrods.
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Main message: What goes in must come out. Note that 342 w/m2 is coming in, 107 of that is reflected due to albedo, and thus 235 is absorbed. Exactly what is re-radiated. 

This schematic is the basis for the most general climate models. When models do their calculations, they tweak one or the other of these properties to arrive at warming. 

T without Greenhouse Effect = 235 W/m2 = 255K = -18oC = -0.4oF. Current average = 14oC = 57oF = 324 W/m2. = 288 K. 

 

From Hansen et al., 2008:  Observed change in G/IG temp is 5 (+/-1) deg C, changed forcing is 6.5 W/m2 (+/- 1.5). Implied sensitivity is 3/4 deg C per W/m2
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This slide emphasizes the point that we’re emitting more CO2 than the earth can resorb, and thus we expect atmospheric concentrations to go up. Numbers in red should be paid attention to. We emit 6.4 gigatons CO2 per year from fossil fuels, + 1.6 from land use changes. Land re-absorbs 2.6 Gtons/year, and the ocean absorbs a net 2.2 Gtons per year. This leaves 3.2 Gtons per year that we’re adding to the atmosphere.
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In their 1981 analysis, published in the journal Science, Hansen’s team reported finding that, overall, Earth’s average temperature rose by about 0.4°C for the period from 1880 to 1978. There was roughly 0.1°C of global cooling from 1940-1970. This cooling was less than what Mitchell had found earlier due to the fact that Hansen’s team was now using global data, and not just data from a swath around the Northern Hemisphere.
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Figure from Petit et al, 1999. The point is that there is cyclicity to the climate, but not what the skeptics are saying. Note the relatively rapid rise from a cold glacial to a warm interglacial. Yet, this relatively rapid rise takes 8,000 years! Compare that with the slow descent into a glacial that follows, and it quickly becomes apparent that there is no credence to any worry of us rapidly descending into an ice age.
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In the 70’s some scientists were genuinely concerned about a rapid decent into an  ice age. Paleoclimatologists were just starting to piece together the ice age cycles,  but they didn’t have good age constraints, so they did not realize the timescales  involved. There is also the temperature estimates listed on the slide. Despite this  concern, the peer-reviewed scientific literature was measured, recognizing the  uncertainty behind such concerns, and not alarmist. The popular media, however,  was not so measured. The lasting claims of scientists worrying about an ice age  result largely from Popular media reports, not from peer-reviewed scientific  articles. (sources: http://www.skepticalscience.com/ice-age-predictions-in- 1970s.htm and http://www.realclimate.org/index.php/archives/2005/01/the- global-cooling-myth/)
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Prior to Human perturbation of the system, for at least the previous 5 million years, the earth’s orbit controlled the climate cycles. These are reflected in the 100,000 year cycles (eccentricity) of the last million years, the 41,000 (obliquity) year cycles from 1-~3 million years ago, and prior to that precession and a bit of eccentricity dominated (21,000 and 100,000 year cycles). See next slide. 
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The bullet points are meant to illustrate that our current contribution to earth’s warming far exceeds the forcing of Milankovitch cycles. Not only that, but it is dangerously close to being equal to the forcing that shifted us out of the last glacial period.
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The other thing you might have heard about is the little ice age. Well, the little ice age was very little indeed, and had more to do with bridge construction than anything else.

“Thames freeze-overs (and sometimes frost fairs) only occurred 22 times between 1408 and 1814 [Lamb, 1977] when the old London Bridge constricted flow through its multiple piers and restricted the tide with a weir. After the Bridge was replaced in the 1830s the tide came further upstream and freezes no longer occurred, despite a number of exceptionally cold winters. Winter 1962/3, for example, was the third coldest winter recorded in instrumental records extending back to 1659, yet the river only froze upstream of the present tidal limit. It is also sometimes claimed that the extreme cold of the “Little Ice Age” impeded the navigation of a Northwest Passage in the Canadian Arctic during the early 19th century. However, an exhaustive study of 19th century explorer logs for the region yields no evidence of conditions that would be considered unusually cold by modern standards.” (source http://www.realclimate.org/index.php/archives/2004/11/little-ice-age-lia/) 
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There are some rational bases for the claim that current warming is caused by the sun.  The following slides address the last point.
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Point out sunspots vs no sunspots

We expect warming with sunspots, cooling with no sunspots – counterintuitive

How do sunspots affect climate?  When the sun has sunspots (like in left photo), it releases more radiation than when there are no sunspots (right photo), so we would expect warming.
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UV: higher energy (so higher effect on temperature), bluer that what our eyes can see –  what causes sunburns

See that it is brighter when there are sunspots  -- more radiation -- warming
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Started counting sunspots after Galileo built a telescope in 1609

Notice sunspot cycle - ~11 years

Maunder minimum   cooling in Europe.  Assume sunspots were the cause.  What  about today?

Sunspots numbers have been observed and recorded since the early 1600s.  This figure shows the natural cycle in sunspot number (around 11 years), as well as a period when there were no sunspots (around 1650-1700).  This is known as the Maunder Minimum, and it coincides with the Little Ice Age (cooling in Europe).  The Little Ice Age might have been caused by something else.  But if the Little Ice Age were caused by lack of sunspots, could sunspots be causing current warming
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Don’t see a cycle in temperature

TSI lowest now, but not cooling

What about longer term changes in the sun?

The top panel shows observations from satellites of incoming solar radiation.  The cycle is from sunspot variations.  The temperature record does not show the same cycle (bottom panel).  Also, we have been in a sunspot minimum recently, with less radiation coming from the sun, but the Earth has not cooled.  This is evidence that sunspots are not causing current warming
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Past solar irradiance: use 10Be and 14C

Solar forcing from 1600-1800, but not now

Over a longer period of time, you can see that there were times (e.g. 1600-1800) where the sun did control climate.  But over the past several decades, the temperature has increased dramatically, but the radiation from the sun does not show a similar increase. (Side note: A climate skeptic might show these records but omit the last few decades to convince people that climate change is caused by the sun).
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Point out red line

TSI decreasing, temperature increasing

A zoom-in of the last few decades.  The red line in the top panel shows solar radiation with sunspot cycles removed.  The bottom panel shows 2 temperature records (offset for better visualization). Incoming solar radiation has decreased since 1980, but temperature has increased. This is evidence that longer-term changes in the sun are not causing Earth’s warming
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Many prominent public figures contribute to misinformation on climate science. 
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CO2 levels during the Eocene (55 million years ago) ranged from 1000 to 1500 ppm, and then rapidly decreased to modern levels of 200 to 300 ppm by the end of the Oligocene (45 to 25 million years ago).  High CO2 levels have existed in the past but that doesn’t mean that high CO2 is part of a stable climate today
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Arhadna tripati, UCLA (Cal Tech, Cambridge) The carbon dioxide (CO2) content of  the atmosphere has varied cyclically between ~180 and ~280 parts per million by  volume over the past 800,000 years, closely coupled with temperature and sea level.  For earlier periods in Earth’s history, the partial pressure of CO2(pCO2) is much less  certain, and the relation between pCO2 and climate remains poorly constrained. We  use boron/calcium ratios in foraminifera to estimate pCO2 during major climate  transitions of the past 20 million years. During the Middle Miocene, when temperatures were ~3° to 6°C warmer and sea level was 25 to 40 meters higher than at present,  pCO2 appears to have been similar to modern levels. Decreases in pCO2 were  apparently synchronous with major episodes of glacial expansion during the Middle  Miocene (~14 to 10 million years ago) and Late Pliocene (~3.3 to 2.4 million years  ago)
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Milankovitch cycles cause large deglaciations in the natural cycle first with an increase  in solar radiation.  Then, as the earth’s temperature heats up, CO2 is outgassed from  the ocean.  This outgassing of CO2 takes about 1000 years.  This additional CO2  drives further temperature increases.  The CO2 driven temperature increases become  larger than the temperature increases from changes in the orbital cycle. 
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 -- 4 ppm of CO2 rise can be attributed to out-gassing from the ocean based on 0.6 °C post Industrial Revolution temp rise. Warmer oceans hold less CO2.  This is why CO2 is outgassed after orbital cycles warm the planet. 
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This slide shows model results for the long-term implications of burning fossil  fuels. In the top plot (a), the green line shows a worst case scenario for human  burning of fossil fuels. It is generally accepted that we have around 5,000 Pg  (which is 5,000 billion tons) of carbon in the form of fossil fuels available to  burn. Notice that this is a measure of carbon and not CO2--a number for CO2  would be larger b/c you’d have to add the weight of the oxygen, and also this  allows for carbon in other forms (like methane, CH4). The red, blue, and black  lines are model results for how the concentration of CO2 in the atmosphere  will change over the next few thousand years based on this emisisons scenario.  You can see that we peak around when we reach the top of the emissions  curve, but then decrease slowly after that. This is a reflection of the long  amount of time carbon stays in the atmosphere. This model suggests that  releasing all the available reservoirs of of carbon into the atmosphere will  result in a CO2 concentration of almost 1000 ppm persisting for thousands of  years. The bottom plot (b), shows how global average surface temperature  changes in response to the rising atmospheric CO2 concentration. Again, the  worst-case scenario burning of 5000 Pg C results in around 8 degrees of  warming, and elevated temperatures persist for thousands of years. 
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This slide shows how profoundly our CO2 emissions could impact the planet  for years to come. The top figure shows a model for ocean mean temperature  change (so how much warming we’d expect in the oceans), if we stopped  emitting CO2 today. You can see that temperatures would decrease to about  half their peak value fairly rapidly (still a few thousand years), but stay at this  still elevated level for tens of thousands. The other three plots are other release  scenarios (again, with 5000 Pg, or 5000 Gt carbon being the worst case).
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In order to understand these models for the long term fate of atmospheric CO2,  you need a general sense of the carbon cycle, shown here. Each box represents  a reservoir of carbon on Earth. Basically, burning fossil fuels is taking carbon  from the “organic C in sediments” box, digging it up, and combusting it. The  arrows represent fluxes, or movements of carbon between each reservoir.  These are natural processes, all with different timescales. As a side note, I  prefer to draw this diagram with separate boxes for the biosphere (plants and  animals, which get their carbon from photosynthesis or eating each other), and  the oceans (which gets its CO2 both from photosynthesizing organisms and  from CO2 dissolving into water). CO2 mixes with the oceans and the  atmosphere rapidly, but the other processes, like carbon burial, carbonate  deposition (just burying tiny shelled animals), weathering, etc. are much  longer-term processes. It is these slow removal processes of CO2 that account  for the long tail to our fate of carbon scenarios. Also note that this cycle shows  the natural ways that CO2 can enter the atmosphere too--in other words it’s not  a one-way process.
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When scientists talk about runaway warming, they mean something different  from when the term is used by the general media. Runaway warming basically  means a large positive feedback, which can cause climate to change without  further external forcings. A famous example is the idea that warming the  oceans could cause the melting and release of methane clathrates (frozen  chunks of methane on the seafloor), that themselves enhance the greenhouse  effect. The major point to keep in mind is that runaway warming is not  inconsistent with the long-term fate of CO2 models shown on the previous  slides. There is not a scenario we envisage where that CO2 concentration, and  thus temperature concentration continues to rise forever and ever. That is  because all of these negative feedbacks still operate, and eventually they will  remove excess CO2 from the atmosphere
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About 4 billion years ago, when the Earth had just cooled beneath the boiling  point of water and there were no photosynthesizing plants, the earliest  atmosphere was about 80% CO2 because of extremely high amounts of  volcanism and outgassing from the Earth’s mantle. Today, as outgassing has  slowed, plus with the advent of photosynthesis and the resulting carbon burial,  CO2 is less than 1 % of Earth’s atmosphere. In other words, it’s a trace gas.  Even if we were to burn that entire 5000 Pg assumed available for human use,  CO2 would not get anywhere close to its early levels. Increasing the CO2  concentration of Earth by hundreds of parts per million has extreme  consequences as it is--it’s unnecessary and inaccurate to worry about turning  the Earth into its toxic, boiling neighbor.
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This is an example of the first climate skeptic trick: taking a kernal of scientific  truth and misrepresenting it. The Medieval Warm period was a time of mild  Northern Hemisphere temperatures from around 950-1200 AD believed to be  responsible for the Vikings settlement of Greenland and a few other adventures  that would’ve benefited from mild weather. While Europe and North America  (especially around the Atlantic) do seem to have had warmer than average  temperatures during this interval, it does not seem to have been a global  phenomenon. As a general rule, it is never appropriate to use a single proxy  record, or a single regional temperature record from the past to compare to  modern global temperatures. Climate change has variable impacts--that is true  for both natural and anthropogenic change--and it important to be rigorous and  honest when directly splicing modern global temperature records (from  thermometers and satellites) onto reconstructions of temperatures in the past. 
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Classic skeptic trick number two: misrepresenting legitimate data. Skeptics  have blown up this idea of the “tropospheric hot spot.” The basis behind this  criticism is that anthropogenic or CO2-induced warming should leave a  fingerprint that identifies it from other types of warming (such as from a  change in solar energy). In most basic form, CO2-induced warming causes the  troposphere (lower atmosphere) to warm, while resulting in a cooling of the  stratosphere (upper atmosphere). This has been predicted by models and  confirmed by measurements of temperature with altitude using weather  balloons. Some models additionally predicted that the greatest extent of  warming would be at low latitudes due to something called the moist adiabatic  lapse rate. So far this equatorial hotspot hasn’t shown up very strong in  measurements, but this in no-way disproves that CO2 is causing the warming,  it just says that perhaps model have overemphasized the importance of the  moist adiabatic lapse rate at low latitudes.
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