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consistent in magnitude with an earlier study of the Colorado River Basin using more 1 
sophisticated macroscale hydrological models (Christensen and Lettenmaier 2007).  2 

Despite the important usage of PDSI as an early warning indicator of U.S. drought (e.g., NOAA 3 
2016), its suitability as a measure of future agricultural drought in much warmer climates is 4 
questionable due to its simplified representation of the water cycle, resulting in overly 5 
pessimistic projections (Hoerling et al. 2012). Similarly, a direct CMIP5 multimodel projection 6 
of soil moisture such as in Figure 8.1 must be limited to the surface (defined as the top 10 cm of 7 
the soil), as the land surface component sub-models vary greatly in their representation of the 8 
total depth of the soil. A more relevant projection to agricultural drought would be the soil 9 
moisture at the root depth of typical U.S. crops, which is not generally available from the CMIP5 10 
models. Few of the CMIP5 land models have detailed ecological representations of 11 
evapotranspiration processes, causing the simulation of the soil moisture budget to be less 12 
constrained than reality (Williams and Torn 2015). Nonetheless, Figure 8.1 shows a projected 13 
drying of surface soil moisture across nearly all of the coterminous United States in all seasons 14 
even in regions and seasons where precipitation is projected to increase. 15 

Changes in average total seasonal runoff—including surface streamflow and groundwater—16 
differ significantly between the mountainous western United States, Alaska and the rest of the 17 
Nation. Figure 8.2 shows the projected end of the 21st century CMIP5 multimodel weighted 18 
average percent changes in near-total runoff under the RCP8.5 scenario, revealing increased 19 
runoff in Alaska and Northern Canada during winter due to the change from snow to rain in the 20 
warmer climate. Projected winter increases are assessed as large (Appendix B) in a small region 21 
of the Rockies as well. For the rest of the contiguous United States, the weighted projection for 22 
average total runoff is generally to be decreased as a result of increased evapotranspiration. 23 
However, these decreases are assessed to be small compared to natural variations in all seasons 24 
(Appendix B). 25 

Reduced contiguous U.S. snowfall accumulations in much warmer future climates are virtually 26 
certain as frozen precipitation is replaced by rain regardless of the projected changes in total 27 
precipitation amounts discussed in Chapter 7 (Figure 7.6). Widespread reductions in mean 28 
snowfall across North America are projected by the CMIP5 models (O’Gorman 2014). Together 29 
with earlier snowmelt at altitudes high enough for snow, disruptions in western U.S. water 30 
delivery systems are expected to lead to more frequent hydrological drought conditions (Barnett 31 
et al. 2008; Pierce et al. 2008; Barnett and Pierce 2009; Cayan et al. 2010). The elevation of 32 
mountains as represented in the CMIP5 models is too low, due to resolution constraints, to 33 
adequately represent the effects of future temperature on snowpacks. However, increased model 34 
resolution has been demonstrated to have important impacts on future projections of snowpack 35 
change in warmer climates and is enabled by recent advances in high performance computing 36 
(Kapnick and Delworth 2013). Figure 8.3 and Table 8.2 show a projection of changes in western 37 
U.S. mountain winter (December, January, and February) hydrology obtained from a different 38 
high-resolution atmospheric model at the middle and end of the 21st century under the RCP8.5 39 
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scenario. These projections indicate dramatic reductions in all aspects of snow (Rhoades et al. in 1 
review) and are similar to a previous statistically downscaled projections (Cayan et al. 2013; 2 
Klos et al. 2014). Given the larger projected increases in temperature at high altitudes compared 3 
to adjacent lower altitudes (Pierce and Cayan 2012) and the resulting changes in both snowpack 4 
depth and melt timing in very warm future scenarios, and assuming no change to water-resource 5 
management, several important western U.S. snowpack reservoirs effectively disappear by 2100 6 
in this dynamical projection, resulting in chronic, long-lasting hydrological drought. This 7 
dramatic statement is also supported by a multi-model statistical downscaling of the CMIP5 8 
RCP8.5 ensemble that finds large areal reductions in snow dominated regions of the western 9 
United States by mid-century and complete elimination of snow-dominated regions in certain 10 
watersheds (Klos et al. 2014). 11 

[INSERT FIGURE 8.1 HERE: 12 
Figure 8.1. Projected end of the 21st century weighted CMIP5 multimodel average percent 13 
changes in near surface seasonal soil moisture (mrsos) under the RCP8.5 scenario. Stippling 14 
indicates that changes are assessed to be large compared to natural variations. Hashing indicates 15 
that changes are assessed to be small compared to natural variations. Blank regions (if any) are 16 
where projections are assessed to be inconclusive (Appendix B).]  17 

[INSERT FIGURE 8.2 HERE: 18 
Figure 8.2. Projected end of the 21st century weighted CMIP5 multimodel average percent 19 
changes in total seasonal runoff (mrro) under the RCP8.5 emissions scenario. Stippling indicates 20 
that changes are assessed to be large compared to natural variations. Hashing indicates that 21 
changes are assessed to be small compared to natural variations. Blank regions (if any) are where 22 
projections are assessed to be inconclusive (Appendix B).]  23 

[INSERT FIGURE 8.3 HERE: 24 
Figure 8.3. Projected changes in winter (DJF) Snow Water Equivalent at the middle and end of 25 
this century under the RCP8.5 scenario from a high-resolution version of the Community 26 
Atmospheric Model, CAM5 (Rhoades et al. 2016), Figure source: Lawrence Berkeley National 27 
Laboratory.]  28 

8.2. Floods 29 

Flooding damage in the United States can come from flash floods of smaller rivers and creeks, 30 
prolonged flooding along major rivers, and coastal flooding from storm surge and the confluence 31 
of coastal storms and inland riverine flooding from the same precipitation event (Ch. 12: Sea 32 
Level Rise). Flash flooding is associated with extreme precipitation somewhere along the river 33 
which may occur upstream of the regions at risk. Flooding of major rivers in the United States 34 
usually occurs in the late winter or spring and can result from an unusually heavy seasonal 35 
snowfall followed by a “rain on snow” event or from a rapid onset of higher temperatures that 36 
leads to rapid snow melting within the river basin. Changes in streamflow rates depend on many 37 
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factors, both human and natural, in addition to climate change. Deforestation, urbanization, and 1 
changes in agricultural practices can all play a role in past and future changes in flood statistics. 2 
Projection of future changes is thus a multivariate problem (Walsh et al. 2014). 3 

Trends in extreme high values of streamflow are mixed across the United States, as reported in 4 
the Third National Climate Assessment (Walsh et al. 2014). Recent analysis of annual maximum 5 
streamflow shows statistically significant trends only in the upper Mississippi River valley 6 
(increasing) and in the Northwest (decreasing) (McCabe and Wolock 2014). This is seemingly in 7 
contrast to the much more widespread increasing trends in extreme precipitation over much of 8 
the eastern and northern United States. As noted above, floods are poorly explained by 9 
precipitation characteristics alone; the relevant mechanisms are more complex, involving 10 
processes that are seasonally and geographically variable, including the seasonal cycles of soil 11 
moisture content and snowfall/snowmelt (Berghuijs et al. 2016). The northeast United States is 12 
an interesting example. Strong increasing trends in extreme precipitation have been observed and 13 
appear to be ubiquitous across this region (Walsh et al. 2014; Frei et al. 2015). Trends in 14 
maximum streamflow are less dramatic and less spatially coherent (McCabe and Wolock 2014; 15 
Frei et al. 2015), although one study found mostly increasing trends (Armstrong et al. 2014) in 16 
that region, somewhat at odds with other studies. This apparent disparity is caused by the 17 
seasonality of the two phenomena. Extreme precipitation events are larger in the warm season 18 
when soil moisture and seasonal streamflow levels are low and less favorable for flooding. By 19 
contrast, high streamflow events are larger in the cold season when soil moisture is high and 20 
snowmelt and frozen ground can enhance runoff (Frei et al. 2015). A future projection study 21 
based on coupling an ensemble of regional climate model output to a hydrology model (Najafi 22 
and Moradkhani 2015) finds that the magnitude of very extreme runoff (which can lead to 23 
flooding) is decreased in most of the summer months in Washington State, Oregon, Idaho and 24 
western Montana but is substantially increased in the other seasons. Projected increases in 25 
extreme runoff from the coast to the Cascades are particularly large in the fall and winter.  26 

Thus, apparent disparities between extreme precipitation and flood trends are partially explained 27 
by the complex seasonal and geographic processes that affect flooding that go beyond simple 28 
precipitation characteristics. This presents a challenge for attribution studies and it has been 29 
suggested that additional scientific rigor is needed in flood attribution studies (Merz et al. 2012). 30 

The IPCC WG1 AR5 (Bindoff et al. 2013) did not attribute changes in flooding to anthropogenic 31 
influence nor report detectable changes in flooding magnitude or frequency. Analysis of 200 32 
U.S. stream gauges indicates both areas of increasing and decreasing flooding magnitude (Hirsch 33 
and Ryberg 2012) but does not provide robust evidence that these trends are detectible or 34 
attributable to human influences. Significant increases in flood frequency have been detected in 35 
about one-third of stream gauge stations examined for the central United States, with a much 36 
stronger signal of change than is found for flood magnitude in these gauges (Mallakpour and 37 
Villarini 2015). Although both temperature and precipitation increases were influencing the 38 
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flooding changes, no attribution of these changes to anthropogenic forcing has been claimed 1 
(Mallakpour and Villarini 2015). 2 

The nature of the proxy archives complicates the reconstruction of past flood events in a gridded 3 
fashion as has been done with droughts. However, reconstructions of past river outflows do exist. 4 
For instance, it has been suggested that the mid-20th century river allocations for the Colorado 5 
River were made during one of the wettest periods of the past five centuries (Woodhouse et al. 6 
2006). For the eastern United States, the Mississippi River has undergone century-scale 7 
variability in flood frequency—perhaps linked to the moisture availability in the central United 8 
States and the temperature structure of the Atlantic Ocean (Munoz et al. 2015).  9 

No studies have clearly attributed long-term changes in observed flooding of major rivers in the 10 
United States to anthropogenic forcing. We conclude that there is medium confidence that 11 
detectable, though not attributable, increases in seasonal flood frequency have occurred in parts 12 
of the central United States.  13 

Studies of localized extreme flooding events are extremely limited, are confined to changes in 14 
the locally responsible precipitation event, and do not include detailed analyses of the events’ 15 
hydrology. Gochis et al. (2015) describes the massive floods of 2013 along the Colorado front 16 
range, estimating that the record rainfall exceeds 1,000-year return values in some regions. 17 
Hoerling et al. (2014) analyzed the 2013 northeastern Colorado heavy multiday precipitation 18 
event and resulting flood finding little evidence of an anthropogenic influence on its occurrence. 19 
However, Pall et al. (2016) challenge their methodology with a more constrained study and find 20 
that the thermodynamic response of precipitation in this event due to anthropogenic forcing was 21 
substantially increased. The Pall et al. (2016) approach does not rule out that the likelihood of the 22 
extremely rare large-scale meteorological pattern responsible for the flood may have changed. 23 

8.3 Wildfires 24 

Recent decades have seen increased forest fire activity in the western United States and Alaska. 25 
For the western United States, one study has estimated that human-caused climate change was 26 
responsible for nearly half of the total forest acreage burned by wildfires over 1984 to 2015 27 
(Abatzoglou and Williams 2016) while another study found an increased risk of fire in California 28 
due to human-caused climate change, based on a model assessment of the 2014 fire season 29 
(Yoon et al. 2015). For Alaska, one study found that human caused climate change had increased 30 
the risk of severe fire seasons like 2015 by 34%–60% (Partain et al., in review). In Abatzouglou 31 
and Williams, modeled increases in temperatures and vapor pressure deficits due to 32 
anthropogenic climate change caused increased fire potential by increasing the aridity of forest 33 
fuels during the fire season. None of the studies demonstrates that a long term increase in forest 34 
fire activity is highly unusual in comparison to natural variability, as they are generally inferring 35 
a human-caused climate change contribution to trends or probabilities based on model 36 
calculations. The degree of forestry management, which is greater in the western United States 37 
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than in Alaska, is a confounding factor that complicates attribution of changes to anthropogenic 1 
climate change. We conclude that there is medium confidence for a human-caused climate 2 
change contribution to increased forest fire activity in Alaska in recent decades, but low 3 
confidence for a detectable human climate change contribution in the western United States 4 
based on existing studies. 5 

6 



CSSR  TOD:  DO  NOT  CITE,  QUOTE  OR  DISTRIBUTE   Chapter  8 

 291  

TRACEABLE ACCOUNTS 1 

Key Message 1 2 
Recent droughts and associated heat waves have reached record intensity in some regions of the 3 
United States, but, by geographical scale and duration, the Dust Bowl era of the 1930s remains 4 
the benchmark drought and extreme heat event in the historical record. (Very high confidence) 5 

Description of evidence base 6 
Recent droughts are well characterized and described in the literature. The dust bowl is not as 7 
well documented, but available observational records support the key finding. 8 

Major uncertainties 9 
Record breaking temperatures are well documented with low uncertainty (Meehl et al 2009). The 10 
magnitude of the Dust Bowl relative to present times varies with location. Uncertainty in the key 11 
finding is affected by the quality of pre-WW2 observations but is relatively low. 12 

Assessment of confidence based on evidence and agreement  13 
X Very High 14 
☐ High  15 
☐ Medium 16 
☐ Low 17 
Precipitation is well observed in the United States leading to very high confidence. 18 

Summary sentence or paragraph that integrates the above information 19 
The key finding is a statement that recent U.S. droughts, while sometimes long and severe, are 20 
not unprecedented in the history of Earth’s hydrologic natural variation. 21 

 22 

Key Message 2 23 
The human effect on recent major U.S. droughts is complicated. Little evidence is found for a 24 
human influence on observed precipitation deficits but much evidence is found for a human 25 
influence on surface soil moisture deficits due to increased evapotranspiration caused by higher 26 
temperatures. (High confidence) 27 

Description of evidence base 28 
Observational records of meteorological drought are not long enough to detect statistically 29 
significant trends. Additionally, paleoclimatic evidence suggests that major droughts have 30 
occurred throughout the distant past. Surface soil moisture is not well observed throughout the 31 
CONUS but numerous event attribution studies attributes enhanced reduction of surface soil 32 
moisture during dry periods due to anthropogenic warming and enhanced evapotranspiration. 33 

34 
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Major uncertainties 1 
Uncertainties stem from the length of precipitation observations and the lack of surface moisture 2 
observations. 3 

Assessment of confidence based on evidence and agreement  4 
☐ Very High 5 
X	
 High  6 
☐ Medium 7 
☐ Low 8 

Summary sentence or paragraph that integrates the above information 9 
The precipitation deficit portion of the key finding is a conservative statement reflecting the 10 
conflicting and limited event attribution literature on meteorological drought. The soil moisture 11 
portion of the key finding is limited to the surface and not the more relevant root depth and is 12 
supported by the studies cited in Chapter 8. 13 

 14 

Key Message 3 15 
Future decreases in surface soil moisture over most of the United States are likely as the climate 16 
warms. (High confidence) 17 

Description of evidence base 18 
First principles establish that evaporation is at least linearly dependent on temperatures and 19 
accounts for much of the surface moisture decrease as temperature increases. Plant transpiration 20 
for many non-desert species controls plant temperature and responds to increased temperature by 21 
opening stomata to release more water vapor. This water comes from the soil at root depth as the 22 
plant exhausts its stored water supply (very high confidence). 23 

Major uncertainties 24 
While both evaporation and transpiration changes are of the same sign as temperature increases, 25 
the relative importance of each as a function of depth is less well quantified. The amount of 26 
transpiration varies considerably among plant species and these are treated with widely varying 27 
of sophistication in the land surface components of contemporary climate models. Uncertainty in 28 
the sign of the anthropogenic change of root depth soil moisture is low in regions and seasons of 29 
projected precipitation decreases (Chapter 7). Uncertainty in the magnitude of the change in soil 30 
moisture at all depths and all regions and seasons is not low. 31 

Assessment of confidence based on evidence and agreement  32 
☐ Very High 33 
x	
 High  34 
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☐ Medium 1 
☐ Low 2 
CMIP5 and regional models support the surface soil moisture key finding. 3 

Summary sentence or paragraph that integrates the above information 4 
In the northern United States, surface soil moisture (top 10 cm) is very likely to decrease as 5 
evaporation outpaces increases in precipitation. In the southwest, the combination of temperature 6 
increases and precipitation decreases causes surface soil moisture decreases to be virtually 7 
certain. In this region, decreases in soil moisture at the root depth is very likely. 8 

 9 

Key Message 4 10 
Reductions in western U.S. winter and spring snowpack are projected as the climate warms. 11 
Under higher emissions scenarios, and assuming no change to current water-resources 12 
management, chronic, long-duration hydrological drought is possible by the end of this century. 13 
(Very high confidence). 14 

Description of evidence base 15 
First principles tell us that as temperatures rise, minimum snow levels also must rise. Certain 16 
changes in western U.S. hydrology have already been reported in the papers following Barnett et 17 
al. (2008). The CMIP3/5 models project widespread warming with future increases in 18 
atmospheric GHG concentrations, although these are underestimated in the current generation of 19 
GCMs at the high altitudes of the western U.S. due to constraints on orographic representation at 20 
current GCM spatial resolutions. 21 

CMIP5 models were not designed or constructed for direct projection of locally relevant 22 
snowpack amounts. However, a high-resolution climate model, selected for its ability to simulate 23 
Western U.S. snowpack amounts and extent, projects devastating changes in the hydrology of 24 
this region assuming constant water-resource management practices (Rhoades et al 2016). This 25 
conclusion is also supported by a statistical downscaling result shown in figure 3.1 of Walsh et 26 
al. 2014 and Cayan et al. 2013 and by the more recent statistical downscaling study of Klos et al. 27 
2014. 28 

Major uncertainties 29 
The major uncertainty is not so much “if” but rather “when” as changes to precipitation phase 30 
(rain or snow) are sensitive to temperature increases that in turn depends on GHG forcing 31 
changes. Also, changes to the lower elevation catchments will be realized prior to those at higher 32 
elevations that even at 25 km, is not adequately resolved. Uncertainty in the second statement 33 
also stems from the usage of one model. However, this simulation is a so-called “prescribed 34 
temperature” experiment with the usual uncertainties about climate sensitivity wired in by the 35 
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usage of one particular ocean temperature change. Uncertainty in the equator to pole differential 1 
ocean warming rate is also a factor. 2 

Assessment of confidence based on evidence and agreement  3 
X Very High 4 
☐ High  5 
☐ Medium 6 
☐ Low 7 
All CMIP5 models project large scale western U.S. warming as GHG forcing increases. 8 
Warming is underestimated in most of the western United States due to elevation deficiencies 9 
that are a consequence of coarse model resolution. Snow melts above 32°F.  10 

Summary sentence or paragraph that integrates the above information 11 
Warmer temperatures lead to less snow and more rain if total precipitation remains unchanged. 12 
Projected winter/spring precipitation changes are a mix of increases in northern states and 13 
decreases in the southwest. In the northern Rockies, snowpack is projected decrease even with a 14 
projected precipitation increase due to this phase change effect. This will lead to, at the very 15 
least, profound changes to the seasonal and sub-seasonal timing of the western U.S. hydrological 16 
cycle even where annual precipitation remains nearly unchanged. 17 

 18 

Key Message 5 19 
Detectable increases in seasonal flood frequency have occurred in parts of the central United 20 
States. This is to be expected in the presence of the increase in extreme downpours known with 21 
high confidence to be linked to a warming atmosphere, but formal attribution approaches have 22 
not certified the connection of increased flooding to human influences. (Medium confidence). 23 

Description of evidence base 24 
Observed increases are documented by Walsh et al. 2014 and other studies cited in the text. No 25 
attribution statements have been made. 26 

Major uncertainties 27 
Floods are highly variable both in space and time. The multi-variate nature of floods complicates 28 
detection and attribution. 29 

Assessment of confidence based on evidence and agreement  30 
☐ Very High 31 
☐ High  32 
X Medium 33 
☐ Low 34 
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Summary sentence or paragraph that integrates the above information 1 
The key finding is a relatively weak statement reflecting the limited literature on the detection 2 
and attribution of anthropogenic changes in US flooding intensity, duration and frequency.  3 

 4 
 5 
TABLES 6 

Table 8.1: A list of U.S. droughts for which attribution statements have been made. In the last 7 
column, “+” indicates that an attributable human induced increase in frequency and/or magnitude 8 
was found, “−“ indicates that an attributable human induced decrease in frequency and/or 9 
magnitude was found, “0” indicates no attributable human contribution was identified. As in 10 
tables 6.2 and 7.1, several of the events were originally examined in the Bulletin of the American 11 
Meteorological Society’s (BAMS) State of the Climate Reports and reexamined by Angelil et al. 12 
(2016). In these cases, both attribution statements are listed with the original authors first. 13 
Source: M. Wehner. 14 

  15 
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Authors Event Year and 
Duration 

Region or State Type Attribution 
Statement 

Rupp and Mote 2012 / 
Angelil et al. 2016 

MAMJJA 
2011 

Texas Meteorological +/+ 

Hoerling et al. 2013 2012 Texas Meteorological + 

Rupp et al. 2013 / 
Angelil et al. 2016 

MAMJJA 
2012 

CO, NE, KS, OK, IA, 
MO, AR & IL 

Meteorological 0/0 

Rupp et al. 2013 / 
Angelil et al. 2016 

MAM 2012 CO, NE, KS, OK, IA, 
MO, AR & IL 

Meteorological 0/0 

Rupp et al. 2013 / 
Angelil et al. 2016 

JJA 2012 CO, NE, KS, OK, IA, 
MO, AR & IL 

Meteorological 0/+ 

Hoerling et al. 2014 MJJA 2012 Great Plains/Midwest Meteorological 0 

Swain et al. 2014 / 
Angelil et al. 2016 

ANN 2013 California Meteorological +/+ 

Wang and Schubert 
2014 / Angelil et al. 

2016 

JS 2013 California Meteorological 0/+ 

Knutson et al. 2014 / 
Angelil et al. 2016 

ANN 2013 California Meteorological +/+ 

Knutson et al. 2014 / 
Angelil et al. 2016 

MAM 2013 U.S. Southern Plains 
region 

Meteorological +/+ 

Diffenbaugh et al. 2014 2012-2014 California Agricultural + 

Seager et al. 2015 2012-2014 California Agricultural + 

Cheng et al. 2016 2011-2015 California Agricultural - 

 1 
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Table 8.2: Projected changes in western U.S. mountain range winter (DJF) snow-related 1 
hydrology variables at the middle and end of this century. Projections are for the RCP8.5 2 
scenario from a high-resolution version of the Community Atmospheric Model, CAM5 (Rhoades 3 
et al. 2016). 4 

 5 

6 
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FIGURES 1 
 2 

 3 

Figure 8.1. Projected end of the 21st century weighted CMIP5 multimodel average percent 4 
changes in near surface seasonal soil moisture (mrsos) under the RCP8.5 scenario. Stippling 5 
indicates that changes are assessed to be large compared to natural variations. Hashing indicates 6 
that changes are assessed to be small compared to natural variations. Blank regions (if any) are 7 
where projections are assessed to be inconclusive (Appendix B). 8 

  9 
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 1 

Figure 8.2. Projected end of the 21st century weighted CMIP5 multimodel average percent 2 
changes in total seasonal runoff (mrro) under the RCP8.5 scenario. Stippling indicates that 3 
changes are assessed to be large compared to natural variations. Hashing indicates that changes 4 
are assessed to be small compared to natural variations. Blank regions (if any) are where 5 
projections are assessed to be inconclusive (Appendix B). 6 

  7 
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 1 
 2 
Figure 8.3. Projected changes in winter (DJF) Snow Water Equivalent at the middle and end of 3 
this century under the RCP8.5 scenario from a high-resolution version of the Community 4 
Atmospheric Model, CAM5 (Rhoades et al. 2016), Figure source: Lawrence Berkeley National 5 
Laboratory 6 

7 
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