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My plan is to give you a really quick summary of some climate change projections and talk about some implications—potential implications—of climate change for the sorts of water budgets that you all think about. There are only a dozen slides or so, although I have a hideous number buried in this presentation. I’ll try to get through the formal presentation in just a few minutes, and open this up to questions and discussion.

My punch line is a pretty simple one and that is that in addition to all the other things that make talking about water in New Mexico a very complicated business, there’s one other thing you probably ought to keep in your minds, and that is that we are watching a climate change happening that may make ‘water dialogues’ more difficult as the years go on.
A quick summary of: 

· Global warming projections for New Mexico

· Potential implications of climate change for the Middle 
         Rio Grande water budget

Here is the conclusion slide first. I want to show you that there are some things we can actually see in the data in terms of climate change. We know that the climate is warming up, both globally and in New Mexico. We have very good data that show that and if you don’t believe the temperature records, all you need to do is look at the cryosphere and see that snow and ice are melting all over the place. We can see sea levels starting to rise in ways that are entirely consistent with a climate change toward warmer conditions. The third thing we know for sure is that greenhouse gasses that are associated with surface warming are increasing very rapidly, in particular, CO2, but others as well and that there’s no controversy about why that’s happening. So without really connecting all the dots and telling you exactly why the climate is heating up, there’s huge circumstantial evidence based just on the data that greenhouse-gas-forced warming is underway. We know how the greenhouse effect works. There’s no controversy about that. That’s well worked out. So this is what we really know.

From climate observations we know that:  

1)  Global temperatures increased in the 20th Century; 


... the warming trend accelerated a lot in recent decades


… temperature trends in NM exceed global trends

2)  Snow and ice are melting; sea level is starting to rise

3)  Atmospheric CO2 concentration is increasing rapidly; 


the increase in CO2 is definitely due to human activities

... and the greenhouse effect is well-understood:

    more CO2, CH4 (  increased longwave radiation recycling, 

 


leading to warmer surface temperature 
From climate model results we are confident that: 

*  Greenhouse gas increases contributed significantly to 


observed 20th Century warming

*  Climate will continue to warm up in the 21st Century 
Then we use models that introduce some uncertainty into our projections, but the models are good enough, and I’ll try to show you quickly why we think they’re good enough, to allow us to rather confidently attribute points one and two (at the top) to point three. Therefore, if we have some confidence in our models, we can start running our models forward in time rather than backward and start making projections about what might happen in the 21st century, leading to the last bullet, which is the real conclusion, which is that climate will continue to warm up in the 21st century. Now the word ‘water’ doesn’t appear on this slide, so the last thing I want to convince you of effectively is that temperature is a hydrologic variable and that even if precipitation forecasts are uncertain, we can use the confident temperature projections that we have to make statements about probable impacts on a water budget. So that’s where we’re headed in the next few minutes.

So here’s some data (Figure 1). On the left is a curve that I anticipate will be updated in the next couple of days for the year 2006. That’s up through 2005, and it shows a familiar plot to lots of folks, that I, an estimate of globally-averaged and annual-averaged surface temperatures from the in situ data set from actual temperature measurements over ocean and land. What you see is that since the late 1800s when this record began, there is a significant but not monotonic upward trend in temperature that definitely seems to have accelerated in the late 20th century. The number that is typically quoted if you want a temperature change for the 21st century in that curve on the left, globally, is something on the order of half a degree Celsius temperature change in the 20th century. That’s what we’ve seen. 

Now on the right is another temperature plot that shows five-year averages for each bar for just a so-called climate division, which happens to be in northern New Mexico. That’s the so-called Upper Rio Grande Basin Temperature Record and qualitatively it looks very much like the global temperature record, which is an interesting and very non-trivial result. Namely it looks like things warmed up kind of early in the century and then leveled off and bounced around a bit in the middle of the 20th century, and then we had what looked like accelerated warming in the late 20th century in that part of New Mexico.

I can tell you without belaboring this point that I could show you many other slides like the one on the right that had the same/similar character. It’s a very common sort of temperature curve to see regionally as well as globally. 

Figure 1 - Temperature is now increasing globally and in New Mexico

The rate of warming in NM has been about twice the global average rate (as expected for an inland region)

       ~1°C in the 20th Century in NM          .
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20th Century Global Warming
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   Northern New Mexico

The other point to make here is that if you actually squint at the numbers, you see that the actual temperature changes in the curve on the right are something like double the temperature changes globally. And that is what we expect from theory as well: we expect continental regions to be much more thermally variable than oceanic regions. So if there is a global temperature change that we ought to expect, then our basic expectations are to see the same kind of trend, but amplified over continents, and that happens to be where we are.

This (Figure 2) is what we think at least part of the culprit is. These are curves of greenhouse gasses for the last thousand years. So the curves go from A.D. 1,000 at the left, to about the year 2000 at the right. We have CO2, methane […?] nitrous oxide and there’s absolutely no doubt about what’s happening to these greenhouse gasses—they’re going up tremendously. In fact, there’s no doubt about where that increase is coming from. I mean, people are doing it, you are doing it, right? We all contributed to this when we drove here this morning, and even the most ardent greenhouse-gas skeptics don’t argue about either the veracity of these curves, or the cause of the increases. So there’s just absolutely no debate at all about anything I’ve shown you so far, other than the width of the error bars to put on these, and they’re pretty small.

Figure 2 - Greenhouse Gases
sampled concentrations since AD 1000
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(before the industrial revolution)

largest radiative forcing: CO2 
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largest % increase: CH4

These increases are 

caused by people; 

no controversy here
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Now I’m skipping ahead to try and convince you in one slide that models are worth looking at. Those greenhouse-gas increases that we looked at are one way to change the climate, but there are many other ways: the sun can get brighter and dimmer, and it has, over time; volcanic eruptions affect the climate by throwing up aerosols that have radiative effects and so forth. And so a lot of effort has gone into trying to piece together different forcing functions over the last few centuries, and then try to get models to effectively ‘hindcast’ the temperature changes we’ve seen over the last century and a half. 

Unlike the real world, where we only have one climate record to look at, with models we can change anything we want and do sensitivity tests. So this is the Smoking Gun slide (Figure 3). The upper left shows an estimate in the gray—the gray band is a group of model simulations run repeatedly, using the same forcings, and we’ve only put in natural forcings that should have affected the climate since 1850. So the y-axis is a temperature change from year to year, and the red curve is the same in every panel, and that’s the observed temperature record over this period of time. 

The punch line is that if you only put in natural forcings, then that gray envelope of model runs doesn’t match the observed temperature curve very well. So if we move to the upper right, then we run the model again, multiple times, and this time, the only forcings we’re putting in are the forcings we attribute to people, the anthropogenic increases in greenhouse gasses. And it starts to look a little bit better; in particular you get the late 20th century increase in temperature reasonably well, but you still don’t pick up all the ups and downs in that red curve. 
Then, if we put all the forcings in, both the natural forcings (due to what we think the sun has done and volcanoes have done) and we add in the forcings due to people (that’s the plot on the bottom), we actually get a pretty good fit. 
Figure 3 
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That tells us, it strongly suggests two things. Number one, it gives us reasonable confidence that the models are changing in ways that are realistic. Number two, it tells us that (see Figure 4) we have some case anyway for attributing a pretty big fraction of 20th century warming, especially late in the century, to greenhouse gasses. So this is the way we both validate the models, and try to convince ourselves that we understand the climate system well enough to dare to move ahead in time with the models and start making climate change predictions.

Figure 4 - Greenhouse Gas Concentrations
from the 2001 Emissions Scenarios
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These are the output from carbon cycle

models (and similar models for N2O)

All scenarios call for significant increases in CO2 and N2O concentrations in the 21st Century;  CH4 could go either way

Many uncertainties here, both from limited understanding and from our ability to choose future emissions scenarios. Climate scientists seek to bracket the range of possibilities for climate change. 
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So what we have here is a group of greenhouse gas concentration curves that start in 1980 and go out through the 21st century. The big challenge of making climate change predictions is that we really don’t know what’s going to happen to greenhouse gasses over the course of this century, both due to simple uncertainty, and some uncertainty due to lack of understanding, and huge uncertainties due to not knowing what choices people will make in terms of emissions. So rather than try to make a best guess, we often just run the models many times, using lots of educated guesses as to what choices people will make for greenhouse gas emissions. And that’s what these different curves represent. You make some guesses about emissions scenarios. 

The jargon we use is, instead of talking about a prediction—that’s what Charlie Lyles and the Weather Service folks do to tell you about tomorrow’s weather—we are going to make scenarios, because it depends on choices people make that we can’t realistically predict. The idea with these scenarios is to try to come up with a huge range of variability that captures the plausible range of choices that people might make with regard to greenhouse gas emissions, and throw that into the model with some plausible forcings scenarios for the natural variability that we can’t predict either, because we really don’t know what’s going to happen to the sun in the 21st century, and we don’t know how active volcanoes are going to be in the 21st century.

So here are the greenhouse gas concentrations that come out of a lot of different emissions scenarios that are created The punch line here is that no matter what choices we make—up at the top are CO2 concentration scenarios—and no matter how wide we make the choice of emissions scenarios, there is no plausible scenario that has CO2 either leveling out or decreasing in the 21st century. There’s just, it’s just not, we can’t imagine how that’s going to happen because people are not going to wreck the world’s economy to do something about CO2. We know that’s not going to happen and there are no plausible choices that will completely eliminate CO2 emissions—it’s just not going to happen, at least according to current thinking. 

So we have a range of choices here that range from some increase—modest ones like that green-and-red dashed line—all the way up through huge increases, depending on the choices people make. All of these scenarios would bring us up to a CO2 level that’s on the order of double what it was before the Industrial Revolution, so, people have already increased CO2 by a lot and according to the choices we’ve made so far for these scenarios, it’s hard to imagine anything other than a very highly elevated CO2 atmosphere by the end of the 21st century.

Notice that for things like methane, which is the middle plot, the range is a lot bigger and that’s because the choices people can make can effect methane emissions a lot more significantly in a plausible way. You can do a lot to mitigate methane emissions by known technologies that involve changes in agriculture and fixing leaks in natural gas pipelines and things like that. The methane problem looks much more manageable from a short-term perspective. So you can at least imagine choices that people might make that would bring methane concentrations down in an absolute sense over the course of the 21st century. 

There are other kinds of ‘business as usual’ choices that people could make that would have this curve continuing to go on and up. So this is the way we try to bracket potential climate change due to greenhouse gasses over the 21st century, and for each of these scenarios, you can take a big model and how many time you run it just depends on how much computer time you have.

That sets the stage for (see Figure 5) some predictions. Once again, we’ll skip the details. What this plot shows is an eighteen model average using one of the intermediate scenarios (go back one slide to A-1b, which is the solid red line in each of these plots, about in the middle of the CO2 scenarios. It does involve some significant reductions in methane, but not for a while, etc. Among these choices, it’s an intermediate one--doesn’t mean it’s the right one but it’s a representative choice. So, back to the following slide.

These are from very new models. These results will be coming out in the newest IPPC report that’s going to be published later this year. These are from new models, new results, and we’ve downscaled the model results to just pick model grid points that pretty closely correspond to the state of New Mexico. So this is one particular scenario for New Mexico statewide temperature change in the 21st century. The plot goes from the year 1900 on the left to 2100 on the right, and there’s a summer curve and a winter curve. 

And what we see—oh by the way, I keep forgetting to mention, the figures in the yellow boxes on some of these plots refer to numbers from a report that I helped write that was directed by Anne Watkins of the State Engineer’s Office and published last summer. So the full report in which these plots are contained is out on the web. I can direct people to the report if they want to see it. It was about the potential impacts of climate change on New Mexico water resources. 

Figure 5 - Prediction:  Temperature will continue to increase - at a faster rate
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The annual average 21st Century increase in these simulations is about 8°F, about four times the observed 20th Century temperature change across New Mexico


Summer temperatures are predicted to increase somewhat faster than winter temperatures
Simulated New Mexico seasonal temperature changes in the 21st Century, compared with model climatology (1971-2000) 

Okay, so the punch line for this particular scenario, the projected temperature change for the state of New Mexico is something like 4oC, on average. Here’s the 20th century, that’s what we’ve seen, and the model does a reasonable job reproducing that; and here’s what we project what would happen under that scenario in the 21st century, and we have a temperature change that’s something like four times what we saw in the 20th century. 
This is a BIG change, folks, and it would change the climate in very significant ways in the state of New Mexico, with summer temperatures rising a little bit faster than winter temperatures. 
Now I could show you a bunch of other predictions from this run but I will simply tell you that the temperature change is the most robust, reproducible change that we see. So precipitation changes forced by greenhouse gasses and projected by these models are smaller and there’s a lot less certainty associated with them, so the way I tend to pitch these results to groups interested in water—or any other thing—is that the principle impacts that we can confidently talk about at this point are the climate impacts associated with a temperature change, alright? 
Now just because it gets warmer doesn’t mean there are no impacts on water, and that’s what I want to concentrate on in the last few slides.

So, among the things that may be obvious is that if the climate warms up significantly (all else being equal, like without a huge change in winter precip), if the climate warms up, then we should anticipate decreases in snowpack that are pretty significant. What we’re looking at here (Figure 6) is output from a different model run…this is now a regional model to try and capture the aerographic [?] effects in much more detail than a global model can. A slightly different scenario, but qualitatively, the answer is the same. What these colors represent is the decrease in snowpack in this particular model run for the late 21st century minus a simulation of the late 20th century. 

Figure 6 - Prediction: Snowpack will decrease 


New Mexico snowpack



UT-CO snowpack


March 1 average




April 1 average





Difference (2071-2095) - (1961-1985)


Without worrying about the details of the numbers, let me just tell you these decreases are very significant. Much less snow…this is the state of New Mexico right there and here’s the model result for the state of New Mexico for average of March 1st snowpack in the late 21st century minus the present and we have BIG decreases. That’s what those nasty red colors represent, up in the high mountains of the northern part of the state and into southern Colorado. So we should anticipate much less snowpack feeding into the rivers that drain down into New Mexico from the north. 
Here is Colorado, and here’s Utah—phenomenal changes in this model in the Wasach Range in Utah, and big decreases in snowpack on April 1st in this plot. March 1st is near the maximum snowpack time in New Mexico; farther north, where things are somewhat colder, the principle is that maximum snowpack tends to happen a little bit later, but on April 1st, which is a benchmark of the annual snowpack, we have BIG decreases in snowpack all along the front range of Colorado by the late 21st century.
In the warm season, what happens in a warmer climate is basically that evaporation and evapotranspiration rates increase. So we have bigger depletions because the climate has warmed up during the warm season. So what we have here (Figure 7) is the same kind of plot—there’s the state of New Mexico, and what we’re looking at is the change in soil moisture, in this case for the spring season, and it is significant, all across the state and especially up where we have the most proximate effects of big decreases in snowpack, up in the northwestern part of the state. Evapotranspiration rates in the summer also decrease because the soil has dried out. 

Figure 7 - Prediction:
Soil moisture will decrease
ET over land will decrease

Evapotranspiration

June-July-August average


... BUT:

Under these conditions 

evaporation over water surfaces (not resolved in this model) would dramatically increase

Difference (2071-2095) - (1961-1985)

          N. Diffenbaugh (Purdue U.)

However, (next slide) we should keep in mind that these decreases are not representative of open water areas, which are not resolved in the model. So the same climate conditions that are forcing soil moisture to dry out and ET rates over land to decrease in this model, would result in a huge increase in evaporation rates over open water areas.

So what does this mean for the kind of water budgets you folks look at? Here’s (Figure 8) a version of the Middle Rio Grande water budget that I suspect is quite familiar to everybody in this room. This is a version I got from my colleague Cliff Dahm a couple of years ago, who helped put together some of these numbers. I won’t go into detail here because I think you all know about this, but we have inflow—additions to the river—hereon the left, and depletions on the right. The major depletions to this water budget come from evaporation, transpiration, 
Figure 8


agriculture, urban use, and groundwater recharge, and so based on what I just told you, (next slide) the principle effects just due to climate change (and climate is just one of the things that affects this water budget) are shown: we should expect a decrease in what comes in from the north, because there’s less snowpack to begin with, and evaporation rates go up upstream, so I would expect climate change to push the numbers that we see on average coming down across Otowi gage to decrease. Open water evaporation within the middle Rio Grande will go up and that’s certainly true down at Elephant Butte at the southern end of this budget as well. Riparian ET—because the growing season is longer and the climate is warmer and that’s good for plants that have a water supply—I expect riparian ET rates to go up as well. The bad news from a budget perspective is that all of these principal effects make managing this water budget harder for us. We have less coming in upstream, and we have bigger depletions, and of course, this is not everything that’s going on here. We have other anthropogenic changes that have nothing to do, or at least not directly, with climate—like the City of Albuquerque taking water out of the river much more actively than they have in the past, and so forth. So there’s a challenge here.

What I haven’t done and what I’d like to do over the next few years is put some numbers to those arrows, so, (Figure 9), to my knowledge, nobody has examined in a quantitative way the effects of climate change on expected stream flows and reservoir levels in New Mexico basins. A fair amount of work has been done on the Colorado River basin. This bar chart shows the results of that. You need a climate model and a river flow model, couple them together, and what we’re looking at here is the results of a study of the Colorado River basin in which some of the same scenarios we just looked at for climate change were applied to stream flows along the Colorado River basin. What this model does, first, is produce this graph for total reservoir storage in the Colorado River basin. What we observe—the model tends to underestimate total reservoir storage if you simply try to reproduce the current climate. That’s what this bar is. So what we’re interested in is the change in model run from this bar to what we think is going to happen in the 21st century as we go along…that’s what these three bars are, and the point is that total reservoir storage goes down by a LOT, just due to projected climate change—20 or 25% or more. So one of these conclusions of this study was that the Colorado River Compact is in trouble due to climate change. It’s over allocated to begin with, but the net effects of climate change are going to make river water management on the Colorado system much, much harder over the next few decades, and there’s nothing in the physical system that leads me to suspect that the answer would be any different if we looked at the Rio Grande or the Pecos or the other systems in New Mexico, although that’s something we’d like to do over the next few years.

Figure 9 - Prediction:
Reservoir levels will be more difficult to maintain


No similar study has been carried out for the Rio Grande basin,

but the general effects of population growth and climate change should be analogous in the two river systems

Projected changes in average total 

Colorado River Basin reservoir storage 

So, let me just wrap this up (next slide). The principle effects of likely 21st century climate change on western states in general are temperature increases and we see those happening already. We expect them, if anything, to accelerate over the course of the 21st century. The rate and particular quantitative amount of warming—there are significant uncertainties about those but nobody really argues over the general sense of the trend. We didn’t talk about sea level—here we are at 5000 feet above sea level—but globally, that’s a huge effect but that’s sort of a different story. I need to emphasize again that rates of change are uncertain, and alas, you should not expect the climate community to give you really firm numbers without some significant uncertainties attached to them, in part because people can affect those, depending on the choices we make. 

And then finally, temperature is a hydrologic variable, so warmer temperatures lead to a reduced snowpack, less runoff, more ET from reservoirs, and drier soil conditions, all of which are intimately part of the hydrologic cycle. Finally, we’ve talked about mean conditions, but maybe that’s not even the most important part of the story. We’ve seen intermittent drought episodes for the last millennium, and at least in the tree ring record, there’s no reason to think that whatever dynamics are associated with intermittent drought in this part of the world are going to go away, so perhaps one of the things we need to plan for is how in the context of a warming climate we’ll all cope with the next great drought, whenever it happens. Of course, the time to think about that is now, and not in 2040. Assuming the current drought is coming to an end, and that’s what I’m hoping for, variability within a warming climate is also going to be harder to manage.

Principal effects of likely 21st Century climate change on western states

· Temperature increases, now clearly observed, are likely to continue at an accelerated rate as greenhouse gas forcing slowly overwhelms other known climate forcings. 

· Rising temperature and sea level are, by far, the most  robust climate change predictions we can make ... but the rate of changes to expect is (and will remain) uncertain.

· Warmer temperatures across the semiarid west would lead to reduced snowpack, less spring runoff, more evaporation from reservoirs, and drier soil conditions.

· The impacts of episodic droughts would be more severe   in a warmer climate, regardless of long-term trends in precipitation
I’d like to open this up and I’d be happy to address whatever questions and comments you have. And let me just say, if there are things that we can do in the research community to supply numbers that are of interest to this sort of group, I am all ears. I want to hear about it. Tell me what we ought to be calculating, or what uncertainties we can try to address that would help you in your discussions.

(Note:  powerpoint presentation contains 43 slides)

Questions:

I have a two-part question. Just to give a ballpark number to my question, what percent of the greenhouse effect is caused by man and when will this ‘tipping bucket’ that we hear sometimes about occur?

What fraction of the total greenhouse effect is due to people? The answer, so far, is a very small fraction, so one way to think about the greenhouse effect is the difference in surface temperature that we observe vs. the temperature we would observe if there were no greenhouses effect at all, and that is on the order of 30 degrees. It’s big. If we had no other greenhouse effect, then probably the oceans would be frozen and we would live on a frozen planet. 
In a broader talk about greenhouse-gas warming, one of the points I make is that whatever the nasty calumnies we make about green house effect increasing in a warmer climate, we like the greenhouse effect because it keeps the planet in a temperature range that people tend to like. Up to now, the total temperature change that we think is associated with the greenhouse effect, is, as shown in that first slide, a degree or less, as opposed to tens of degrees naturally, so it’s a small fraction of the total greenhouse effect, but going up at a pretty rapid rate. 
And the second part was the ‘tipping bucket.’  That’s a great question. If we go back to the New Mexico temperature projection slide, these plots look great. It’s nice to have color graphics and it looks very authoritative if it appears in a journal and so forth, but one of the things I can promise you is that whatever climate change happens in New Mexico or globally over the next century, it won’t look like this, which is a nice, steady increase in temperature. That’s simply what we get from one particular forcing mechanism. Now you notice that this model result for the 20th century also looks a lot smoother than the observed temperature record was, which has all kinds of ups and downs and variability. 
So what the models are producing is an overly smoothed projection, for sure, just based on the kind of variability we’ve seen in the past. So we’re probably underestimating natural variability in general, and secondly, what’s not in here is any sense of a nasty surprise, which gets to the ‘tipping point’ question. These models simply don’t simulate tipping points very well—they’re not set up to do that, and they don’t. They’re just not in there. So added to this sort of nice, smooth, steady temperature curve, we have to consider the possibility—and it could work either way, right? There could be a big surprise that somehow brings temperatures back down, and I can imagine some scenarios for doing that: a few really gigantic volcanic eruptions would do the trick. That’s not necessarily a good thing, but it would bring temperatures down. We can also imagine other feedbacks that would take a nice, smooth curve like this and suddenly bump it up. 
Now, I’m dancing around your question, which is, ‘when is that going to happen and what’s it going to take,’ because those are simply other scenarios and we just don’t have a good sense—and it’s kind of why it’s a tipping point, right? It’s non-linear and very difficult to predict so there are various stories, plausible stories that people tell about tipping points that would make this curve—you might consider it catastrophically warmer in a hurry, but to be honest, I don’t know how to put a probability on those stories. So maybe I’m not answering your question other than to convey a lot of uncertainty.

[inaudible comment from audience]

The reason we can’t do anything about it—is that the typical—where we point has to do with snow and ice. As the polar ice caps melt, as we think they are now, you can reach a point where the high latitudes become so absorptive of solar radiation that it’s very difficult to grow the ice back, and that could accelerate global warming. I’m going to punt again; I have to say I’m not convinced we scientifically understand that sort of runaway greenhouse effect Earthstyle enough to put a finger on it and say that we’re within, say, a decade. That’s the figure I’ve heard from Jim Hanson at NASA. I personally am not convinced that we understand the system well enough to be able to assess it in any quantitative way.

I have two questions. On the slide that talks about where the snowpack—you have nice red—that’s it (Figure 6). That’s where we’re going to get a lot of our surface water from, from San Juan-Chama for the Middle Rio Grande. As you have more pressure put on that, into the Colorado basin, what kinds of concerns might we be seeing here as far as receiving our full allotments of San Juan-Chama water? That’s my first question.

My three-word answer is, ‘I don’t know,’ other than to point out as forcefully as I can that the Colorado—as you have just pointed out—that our water challenges here on the east side of the divide in the Middle Rio Grande are not independent from what’s going on in the Colorado River basin, and whereas we may have been assured over the past two decades that that San Juan-Chama water was “ours” in some sense, if the Colorado River Compact runs into trouble and water calls start being made, with the level of power politics going on there amongst the Colorado River basin states…I don’t know. I’ll say that I have just put a student to work to tell me about that, so I hope by the end of the semester that she’ll tell me the answer, or at least frame what the possibilities are. That’s a great question, but it’s not a science question, right? That doesn’t mean it’s not an important question, it’s just hard for me to answer.

I think it is a science question in that what you’re showing is going to have to come into the political realm and established policies.

Absolutely. It’s a science-affected question, but then, who actually gets the water—whose tap gets turned off first—that’s the question I don’t know how to address.

The other question I have, I guess it’s also a policy matter, would be that as we look at snowpacks decreasing, and increasing precipitation during some of the summer events, that may well lead us to change some of our management strategies that are now based on snow melt.

I’ve danced around—overtly danced around—the question of what’s going to happen to precip. I can show you some predictions, but I would tell you that in my opinion, the uncertainty, the error bars around the precip predictions are big compared to the non-trivial uncertainties associated with temperature. But the temperature curves I am quite confident that the trend is headed that way and it’s hard for me to see any way around it other than one of these nasty surprises involving three Krakatoa eruptions, or something like that. It’s an open question whether—you implied that perhaps summer precip is going up. Maybe I misunderstood, but that’s something that the models—they’re all over the place. 

Does climate change affect New Mexico as simply a mid-continental region? Overall what happens across mid-continents is that summer precipitation goes down, subsidence [?] increases and you have a harder time generating precip over the continents in the summer. On the other hand, warmer climates are typically associated with stronger monsoons, which may be good news except where they get washed away in Southeast Asia. We have this sort of tug-of-war going on between a monsoonal change across southwestern North America, and the more general mid-continental precip change that happens over the plains. Who wins in the summer is sort of an open question, which brings me back to the topic of droughts. What I would hate to do is get hung up over long-term precip uncertainties without keeping in mind that a likely scenario in my mind is that we continue to have relatively wet conditions for a decade or two, followed by severe drought for a decade or two, which is the pattern we’ve seen over the last millennium here in the southwest. So the real question in my mind with regard to precip is how do we get through droughts in the 21st century in a warmer climate?

I wanted to know whether the models break out specifically the impacts from aviation— the contribution of carbon dioxide and other pollutants into the atmosphere from aviation—and if we had a cessation of aviation, you know, immediate, what would happen?

There are a couple of effects of aviation on the climate system. The greenhouse gas emissions themselves are sort of folded into all the other sources of greenhouse gas emissions, so that part is—well the contribution of aviation specifically to total global  greenhouse gas emissions is modest, but it’s kind of folded in there. The more interesting and somewhat speculative question has to do with contrails. Airplanes not only inject greenhouse gasses into the atmosphere but they affectively generate clouds, and that is something that is not in the projections I’ve shown you, but I’m guessing it will be included in the next generation of these projections. As I bet many of you know, there was a very interesting experiment that we carried out on Sept 12, 2001, when aviation across the U.S. was grounded for a few days after the terrorist attacks. Some clever weather people actually tracked the influence of that on cloudiness and temperature, and found, rather to their surprise, that the effects were a lot more significant than anybody had anticipated. So it looks like the amount of cloudiness generated by contrails has perhaps significantly cooled temperatures by reflecting sunlight to a much greater degree—and we’re still talking about fractions of a degree, obviously we didn’t all freeze for a couple of days—but it was a significant effect and so that’s something for us to consider that’s not really folded in here.

Could you say a little more about the solar effect that you mentioned—I haven’t heard a lot about that as a variable in earth temperatures and is there anything that data that you could mark as a trend of the future?

Well we can mark it as a trend in the past. We know that the sun is a variable star and its brightness changes by upwards of one or two watts per square meter, which is less than 1%, but that’s a significant effect on the timescales that we can resolve. There are solar cycles associated with sunspots that do have some affect on the temperature, so there’s an eleven and twenty-two year solar cycle that affects climate. We can see that in the data, and that’s reasonably predictable. I mean, we’ve seen sunspot cycles for a long time. It also appears that over the last few centuries since the Little Ice Age, the sun has gotten somewhat brighter. So some of the warming that has occurred globally since the Little Ice Age, and actually up until this century a bunch of it, can be attributed to solar variability. That result has been solidified a lot in the last decade. 
Back in the Dark Ages when I was a grad student, people didn’t understand how variable the sun was, and we tended to dismiss it as a climate-forcing agent on the decade-to-century timescale. Now that’s not true anymore. So what people have tried to do is take reconstructed solar variability based on sunspots, push it backward in time for several centuries and see how that lines up with observed temperature variability, and what you see is that up until the 19th century you get a pretty good fit. Then in the 19th century, the climate was colder than you would expect based on what we think the sun was doing, and we place the blame for that on volcanoes because the 19th century turned out to be a very active time globally for volcanism, much more than the 20th century. So the volcanoes went away in the 20th century, the sun continued to get a little bit brighter, and so we think that the early 20th century warming may have been in large part attributable to the solar trend that we’ve seen. 
But you can’t, based on good numbers for the latter part of the 20th century, you cannot attribute that part of the warming to the sun, so by the process of elimination as much as than anything else, there’s no other plausible way to explain what’s happened over the last few decades other than by the CO2 effect really coming out, and that gets complicated by the effects of air pollution as well. But to get back to your question about the sun, over the last few centuries, it has gotten somewhat brighter and I suppose you could just extrapolate that into the future. To my knowledge, the reasons for that increase in solar brightness are not terribly well understood to the point where we could make real solar predictions the way me make climate predictions.
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From climate observations we know that:  

Temperature is now increasing globally and in New Mexico

Greenhouse Gases
sampled concentrations since AD 1000

Simulations of climate change since 1850

Greenhouse Gas Concentrations
from the 2001 Emissions Scenarios

   Prediction:  Temperature will continue to increase - at a faster rate

   Prediction:
Snowpack will decrease

   Prediction:
Soil moisture will decrease


     
ET over land will decrease

Estimated water budget
Middle Rio Grande 
(106 m3/yr)

   Prediction:
Reservoir levels will be more difficult to maintain

Principal effects of likely 21st Century climate change on western states

· Temperature increases, now clearly observed, are likely to continue at an accelerated rate as greenhouse gas forcing slowly overwhelms other known climate forcings. 

· Rising temperature and sea level are, by far, the most  robust climate change predictions we can make ... but the rate of changes to expect is (and will remain) uncertain.

· Warmer temperatures across the semiarid west would lead to reduced snowpack, less spring runoff, more evaporation from reservoirs, and drier soil conditions.

· The impacts of episodic droughts would be more severe   in a warmer climate, regardless of long-term trends in precipitation.
Long-term trends in total precipitation are relatively uncertain

Global Warming in the 20th Century

20th Century temperature variability 
New Mexico statewide

20th Century precipitation variability 
New Mexico statewide, water year averages

20th Century precipitation variability 
New Mexico statewide, 6-month averages

Projected change in western snowpack

Projected change in snowmelt runoff timing

Northern Hemisphere temperature 
for the past 2000 years (mostly tree ring-based)

Snow and ice retreat 
Earth's Greenhouse Effect

Anthropogenic (human) Greenhouse Gas Emissions
CO2 variations in past half-million years
Natural Climate Forcings:Solar Variability

Natural Climate Forcings: Volcanic Aerosols

Radiative Climate Forcing at Surface since 1750
Emissions Scenarios
Scenarios for 21st Century changes 
in global temperature and sea level

Some Challenges: 
1.  Time Scales of Change and Response

Some Challenges: 
2.  Scientific Uncertainty and "Consensus"

Some Legal/Policy Implications: 
1.  Regulatory Uncertainty

Some Legal/Policy Implications: 
2. Blame Game

Late 20th Century temperature trends 
in southern New Mexico

Drought History of the Western U.S.

Modest annual average temperature changes can result in large increases in extreme temperatures

What to do?

Global Carbon Cycle

Proxy climate history of north-central New Mexico

The Kyoto Protocol  
in support of UNFCCC Objectives  (negotiated 12/97) 

Modelled future changes in frost days 
Late 21st century

Central NM precip
622-1992
from tree ring data
Seasonal forecast, winter 2006/07:  ENSO-based
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