RISING SEAS AND STRONGER STORMS – DELAWARE’S ADAPTATION 

IN THE FACE OF UNCERTAINTY 


Sea level rise (SLR) and the stronger storms expected as the earth continues to warm are likely to be among the most damaging consequences of global climate change for Delaware, which has a long coastline for a small state, as well as the lowest average elevation of any state in the country (20 m or about 60 ft).
  In this paper I will focus on the science behind SLR, including Earth’s past behavior, and discuss possible  - but very uncertain – future sea level trajectories - both how high sea level could go and how long it might take to get there.  Some idea of how fast and how far sea level may go is important for future planning by state and local governments and by those who own property along the coast.  Another important issue, which I will not address, is how high above mean high tide the water may go as a result of stronger storms.


The questions I will address are the following:

· Why is sea level rising?

· Why is the global average temperature (T) rising?

· What is radiative forcing, and how does it depend on CO2 and other greenhouse gases?

· How is the concentration of CO2 changing with time?

· How does T depend on CO2 concentration?

· How does SLR at equilibrium depend on T?

· How fast will the sea rise?

· How should we plan in the face of uncertainty?
Why is sea level rising?


Sea level along the Delaware coast is rising as a result of three factors: 1) subsiding (sinking) land, 2) thermal expansion of sea water as its temperature rises, and 3) an increase in the amount of water in the oceans as glaciers on land melt or slide into the sea.  During the past century sea level at Lewes (relative to the land) rose about a foot – about half due to subsidence and the rest to expanding water and loss of ice on land.
  Thermal expansion and ice melting both require heat;
 most of which comes from the sun.

Why is the global average temperature (T) rising?

One of the key scientific concepts behind SLR is the Law of Conservation of Energy, which states: In ordinary (non-nuclear) physical, chemical and biological processes energy is neither created nor destroyed - only converted from one form to another.  This means that the energy coming into Earth’s oceans, land and atmosphere in the form of absorbed solar radiation must be balanced by radiation going back into space for the global average temperature to remain constant.  An imbalance can be caused by: 1) a change in the intensity of the sun’s radiation, 2) a change in the fraction of incoming radiation that is reflected without being absorbed (the ‘albedo’), and 3) the concentrations of greenhouse gases (GHGs) in Earth’s atmosphere – particularly water vapor, carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), ozone (O3), and fluorochemicals.

Figure 1 shows the global annual average temperature at Earth’s surface over the last 130 years.  During that time the average temperature has increased about 0.8°C (about 1.5°F), with most of the increase in the last 30 years.
  The error bars show the estimated uncertainties in the measurements.  The last decade has been the warmest on record.
  2010 tied 2005 for the highest annual average.
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Figure 1. Global average temperature since 1880.

What is radiative forcing, and how does it depend on CO2 and other green house gases?


Any body with a temperature above absolute zero (-273°C) will radiate electromagnetic radiation over a range of wavelengths, with maximum emission at a wavelength that decreases as the temperature increases.  Figure 2 shows the approximate distributions of solar radiation absorbed from the sun and emitted into space from the earth.  (Note the nonlinear wavelength scale.)  The sun, with a surface temperature of about 10,000°F, has its emission maximum (at 0.6 microns) in the visible part of the spectrum; the earth, with an average surface temperature of about 60°F, has its maximum (at 15 microns) at longer wavelength in the infrared (IR).
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Figure 2. Radiation absorbed from the sun and emitted by the earth.  The wavelength scale is nonlinear.  Temperatures given are the approximate surface temperatures (°F).

Radiation balance requires that the average intensity of radiation absorbed from the sun (about 250 watts per square meter (W/m2)) equals the average intensity of radiation emitted.  The increasing temperature shown in Figure 1 indicates that more radiation is now being absorbed than is going out.  Though there have been contributions from increasing solar radiation and reduced albedo since the beginning of the Industrial Revolution in about 1750, scientists have concluded that the radiation imbalance is due mostly to increasing concentrations of greenhouse gases.
  The contributions to the imbalance, called “radiative forcings”, are shown in Figure 3. The net anthropogenic (human caused) component of about 1.6 W/m2 is the net effect of human activities since 1750 on the radiation balance.  That doesn’t sound like much, but the earth has a large area, and a lot of heat can be absorbed over time.
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How does SLR at equilibrium depend on T?

Figure 3. Contributions to radiative forcing from changes in greenhouse gases, aerosols, and solar irradiance.
  Uncertainties are indicated by error bars.


The way greenhouse gases (GHGs) affect the radiation balance is shown by the schematic greenhouse in Figure 4.  The thin sloping line represents the glass roof and the heavier lines the walls and floor. Visible radiation is indicated by wavy black arrows and infrared by red; the arrow thickness indicates radiation intensity.
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Figure 4. The Greenhouse Effect  


The solar radiation coming from the sun, mostly in the visible part of the spectrum, passes through the glass on the roof of a greenhouse and warms the plants and floor, which then radiate in the IR.  Glass is not transparent to IR, so it is absorbed and heats the glass.  The warmer glass radiates some energy up and out but also back down, making the inside of the greenhouse warmer that it would otherwise be.  Your car, parked in the sun with the windows rolled up, acts the same way.  Earth doesn’t have a glass roof, but it has GHGs in the atmosphere that act similarly – allowing solar radiation to pass in but impeding IR radiation from going back out.  The greenhouse effect is a good thing; without it Earth’s average surface temperature would be about 0°F (-18°C), and life as we know it would not be possible; with it, the average temperature is nearly 60°F (15°C), but it’s increasing as the concentrations of GHGs increase.

How is the concentration of CO2 changing with time?


We have accurate instrumental measurements of CO2 concentration, made on the top of Mauna Loa (a high mountain on Hawaii’s South Island), for about 50 years.  Earlier atmospheric CO2 concentrations can be determined from air bubbles trapped in ice cores taken from glaciers.  Results for the last 1000 years or so are shown in Figure 5.
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Figure 5.  Atmospheric CO2 concentrations determined from ice core (solid points) and instrumental measurements (dashed line and open point for 2010)

The concentration of CO2 was about 280 ppm (parts per million)
 in 1750, at the beginning of the Industrial Revolution, and is about 390 ppm in 2011, and rising by about 2 ppm per year.  The rate is expected to increase as emissions increase.  The concentration will double from its preindustrial value (to 560 ppm) well within this century at the rate things are going.

How does T depend on CO2 concentrations?


The dependence of global average temperature on the concentrations of CO2 and other GHGs can be estimated based on models of the atmosphere, land, ocean, ice system, and by looking at Earth’s climate history.  The dependence is nonlinear, as can be seen in Figure 6.  The thin vertical lines mark concentrations of 280 ppm (the value in 1750), 560 ppm (doubled) and 1120 ppm (doubled again).  The thicker vertical line at 390 ppm shows where we are in 2011.  The horizontal red line at 2°C is marked ‘Danger’ because many feel that dangerous climate change can be avoided only if the global average warming does not rise above that line.
  The horizontal red line at 4°C is marked ‘No Ice’ because no glacial ice is expected at equilibrium, even in Antarctica, if the global average warming remains at or above that line.
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Figure 6. The global average temperature change calculated at equilibrium for increasing concentrations of CO2 and climate sensitivities of 3° (lower curve) and 6°C (upper curve) for CO2 doubling.

“Climate sensitivity” is the temperature increase expected for each doubling of the CO2 concentration, once equilibrium is reached for a fixed concentration of CO2, and radiation balance is reestablished.  The sensitivity of 3° is based on mathematical models and was considered to be the most probable value in the 2007 report of the Intergovernmental Panel on Climate Change (IPCC).
  The sensitivity of 6°C is based on Earth’s past climate history, and includes slow changes in albedo, as reported in an important paper in 2008 by Hansen and others.
 

How does SLR at equilibrium depend on the global average temperature?


If we look at Earth’s deep sea temperatures and glaciation history over the last 65 million years (My), shown in Figure 7, we see that the temperature reached a maximum about 50 My ago and then started a slow decline after the Indian tectonic plate ran into Asia and lifted the Himalayas.  Bicarbonate minerals formed about that time indicate that the CO2 concentration was above 1100 ppm.  It gradually decreased as erosion of the mountains washed calcium silicate down into the oceans, where the calcium combined with CO2 to form calcium carbonate (now limestone).  Ice did not begin to form in Antarctica until about 35 My ago, when the concentration had fallen to about 450 ppm.  Northern Hemisphere ice sheets didn’t start to form until about 5 My ago.  An 8-minute discussion of Figure 7 by James Hansen can be found on YouTube.
  The difference in timing between hemispheres is probably due to differences in elevation and latitude.  The South Pole is on a large landmass with mountains, while the North Pole is surrounded by the Arctic Ocean and has a much lower average elevation.  Permanent ice forms on mountaintops before it forms near sea level.
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Fig. 1. Global deep ocean temperature, from Hansen et al. (http://arxiv.org/abs/0804.1126).
Temperature is derived from the isotopic composition of the shells of microscopic animals that lived in
the deep ocean. Blue bars show the times at which ice sheets were present in each hemisphere, dark
blue being the times at which the ice sheets were as large as at present or larger’.




Figure 7. Deep-sea temperatures and glaciation during the past 65 million years

How does SLR at equilibrium depend on global average temperature (T)?


Figure 8 shows the dependence of sea level on T from the coldest time of the last ice age 20,000 years ago when sea level was 120 m lower than now, and temperature was 6°C colder, to a time 40 million years ago when there were no glaciers, temperature was 4°C warmer, and sea level was 80 m higher.  The slope of the line is 20 m per °C for the solid points (at equilibrium). The open point labeled ‘Projection for 2100’ is for a temperature 3°C warmer than today and a sea level rise of 1 m (not at equilibrium). 
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Figure 8. Sea level rise and global average surface temperature from the paleoclimate record (solid points) and a projection for 2100 (open point).

The reason that the point projected for 2100 is so far from the line defined by the other points is that it takes a long time to heat the ocean and melt the ice enough to reach thermal equilibrium. 

 
Figure 9 shows the effects of large rises in sea level on Delaware and nearby parts of MD and NJ.
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Figure 9.  Effects of large rises in sea level on DE and neighboring states.

The light green areas are above sea level for a 15 m rise, corresponding to complete loss of ice on Greenland and West Antarctica.  The dark green area is what is left if the big ice in East Antarctica is also lost, raising sea level by 80 m.

How fast will the sea rise?


Figure 10 shows how the sea level rose with time coming out of the last ice age, from over 20,000 years ago to the present, based on the analysis of coral at various sites.  You can see the sea level rose slowly at first, then increased in speed, reaching a maximum about 14,000 years ago during an event labeled Meltwater Pulse 1A, when it appears to have risen by 10-20 m in a few centuries.
  Steven Earle has suggested that the rapid SLR was mostly from the loss of ice in Antarctica.
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Figure 10.  Sea level rise since the last ice age.

Stefan Rahmstorf has been a proponent of what he calls semi-empirical models of SLR, in which the rate of melting is proportional to the warming.  Using this approach, and fitting his model to the recent rate, he projects that the sea level in 2100 will be 124 cm (1.24 m) above what it is now.
  He shows a graph of a range of estimates based on various authors using similar models, with most in the range of about 0.5 to 2.2 m.  He says that the rate of SLR tripled during the 20th Century, consistent with an accelerating rate.


In recent years NASA has been able to measure the loss of ice on Greenland and Antarctica directly by satellites, using very accurate measurements of the distance between a pair of them in the same orbit, one trailing behind the other.  As the lead satellite approaches a large ice mass (e.g., Greenland), the gravitational attraction of the ice pulls on it more strongly than on the more distant trailing satellite, increasing the distance between them.  Conversely, once the first satellite has passed the ice, gravity slows the first and speeds the second, reducing the distance between them.  Figure 11 shows what the pair of satellites might look like from space (though the actual distance between them would be hundreds of miles).  
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Figure 11.  Gravity satellite ice mass satellites as seen from space.

Figure 12 shows the changes in ice mass of Greenland over a 6-year period from about 2003 to 2009.  The vertical scale has units of 200 Gt; 200 Gt of ice will produce 200 cubic km (about 43 cubic miles) of water.  The seasonal variation in the mass of Greenland ice is clear, with the minima in late fall.  Most striking is the increasing slope of the curve with the annual variation removed.  The rate of Greenland ice loss doubled in a 6-year period!  Antarctica is also losing ice at an increasing rate, but the signal is noisy.
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Figure 12.  Gravity satellite measurements of the changes in ice mass in Greenland from 2003-2009.


We don’t know if the 6-year doubling of the rate of ice loss from Greenland (corresponding to a 12.5% per year compounded rate) will continue, but if it does, all 2.6 million cubic km of ice will be gone in 60 years, raising sea levels by 7 m.  The loss of Antarctic ice – mostly from West Antarctica - is also accelerating, but at a slower pace.


We don’t yet have good mathematical models to predict how fast ice on Greenland and Antarctica will return to the sea.  Some of the major uncertainties are:

· Climate Sensitivity – how much global average temperature T will change for a doubling of CO2 concentration

· The trajectory of future GHG emissions - including methane from hydrates that release methane when warmed

· How fast equilibrium T will be reached once the composition of the atmosphere is no longer changing

· The mechanisms of ice loss from Greenland and Antarctica

· When tipping points might be reached

Most model projections of future climate change consider only the direct emissions of CO2 and other GHGs as a result of human activities; they don’t consider the release of GHGs that could be released indirectly from reservoirs of carbon as the climate warms.  One such GHG is methane – a gas that has a Global Warming Potential (GWP) 25 times that of CO2.
  Such a release happened 55 million years ago, causing what is called the Paleocene-Eocene Thermal Maximum.  A release of a large amount of methane (at least 2000 GtC; our present atmosphere contains about 800 GtC as CO2) over a period of a few centuries caused global average temperatures to increase by about 5°C.  The temperature excursion 55 My ago can be seen to the left of the broad peak in Figure 8.  Oxidation of the methane to CO2 by chemical reactions in the atmosphere and the absorbtion of the CO2 into the oceans made them so acidic that calcium carbonate was not longer chemically stable, the base of the food chain was knocked out, and an oceanic extinction event occurred.  You can read the details in a paper posted by the LWVUS titled, Positive Feedbacks and Climate Runaway – The Need to Act without Delay.

How should we plan in the face of uncertainty?

In cases like this, with unknown probabilities but very large consequences, environmentalists use the Precautionary Principle, which says, “Where there are threats of serious or irreversible damage, lack of full scientific certainty shall not be used as a reason for postponing cost-effective measures to prevent environmental degradation.”
  In the case of sea level rise in Delaware, I suggest that planning for major investments by state and local governments should include a consideration of the possibility that SLR by 2100 could be considerably more than 1.5 m – perhaps as much as 5 m or more. John Mercer, a scientist at the Ohio State Institute of Polar Studies, warned of this possibility over 30 years ago.
 Government leaders should keep a very close eye on SLR in Delaware, loss of ice in Greenland and Antarctica, and on the behavior of precipitation and storm surges as the climate changes – modifying their adaptation plans and policies as required by the latest available science.

I feel strongly that adaptation to sea level rise should be part of a comprehensive Delaware energy/climate change plan that: 1) brings green industries and jobs to Delaware,

2) sets targets and a timetable for GHG emission reductions, and 3) educates policy makers and the public.  Delaware should lead by example.  A lot is at stake.

What about climate skeptics?


There is a small but outspoken group of scientists and others
 who challenge the scientific consensus
 that: 1) The Earth is warming and its climate is changing; 2) The major cause is the addition of GHGs to Earth’s atmosphere – especially CO2 formed by burning fossil fuels; and 3) If we keep adding GHGs to the atmosphere there is an increasing risk of doing serious damage to the climate system.  John Cook has a web site called SkepticalScience,
 where he summarizes the evidence for global warming in a single graphic and addresses the ten most used skeptic arguments, including: It’s really the sun; Climate’s changed before; There’s no consensus; Antarctica is gaining ice; and others.
Submitted by Chad Tolman to the Delaware SLR Advisory Committee

For the League of Women Voters of Delaware

(February 5, 2011)
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