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Text S1. Opportunities for spatially explicit global-scale assessments of 
future changes in Earth’s surface  
S1.1.  
 Two examples of existing global gridded predictions based on 
geomorphic-response models, one from the periglacial process domain and the 
other from the aeolian process domain, come from Nelson et al. [2001] and 
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Tegen et al. [2004]. These studies illustrate the kinds of global gridded 
predictions that the ESS and ESM communities can build upon and replicate in 
other process domains.  
 Nelson et al. [2001] predicted the relative risk of subsidence due to 
thawing permafrost under a “mid-range” scenario of atmospheric CO2 enrichment 
during the 21st century (Fig. S1). Their analysis combined data for the change in 
thaw depth predicted by coupled climate models with data for the volumetric 
fraction of ice in the soil derived from a global soils database. Their map provides 
a useful prediction of where hotspots in subsidence-induced thaw are likely to 
occur and where it would be smart to focus mitigation efforts. The Nelson et al. 
[2001] analysis could be improved upon and/or expanded in several ways. For 
example, the map could be updated with the output of more recent climate 
models (e.g. CMIP5) and soils databases (e.g. Harmonized World Soils 
Database, i.e. [FAO/IIASA/ISRIC/ISSCAS/JRC, 2009]). Slater and Lawrence 
[2013], for example, used the CMIP5 models to predict permafrost thaw under 
future climate scenarios, but those results have not yet been used to create an 
updated map of subsidence risk. The Nelson et al. [2001] assessment could also 
be expanded to include additional geomorphic impacts of permafrost thaw in 
addition to subsidence, such as rates and extents of thaw-lake expansion, and to 
predict the amount of soil carbon that would be released in association with 
permafrost thawing and thermokarst-lake expansion.  
 Tegen et al. [2004] predicted changes in atmospheric dust concentrations 
under future C&LUC scenarios. Dust concentration in the atmosphere is a good 
example of a geomorphic variable that has high societal relevance because it 
impacts both the climate system (dust blocks incoming sunlight) and human 
health (a correlation exists between high PM concentrations and daily mortality 
[e.g. Pope et al., 1992], indicating that high dust concentrations are responsible 
for the sudden death of some individuals). C&LUC may impact atmospheric dust 
concentrations via changes in surface characteristics (e.g. aerodynamic 
roughness lengths and threshold shear velocities) and changes in near-surface 
winds. Tegen et al. [2004] predicted atmospheric dust loading globally using a 
land surface model driven by the output of a coupled climate model (Fig. S2). 
These authors constructed global maps of threshold shear velocity and dust 
emissivity factors by forcing their model to best match the observed dust-storm 
frequencies during the modern (satellite) era. They then continued their models 
forward in time under scenarios of future C&LUC. The two models considered by 
Tegen et al. [2004] differed in the sign of predicted change, with one model 
predicting an increase in dust loading (due mainly to a reduction in threshold 
shear velocity in dry areas as vegetation cover declined with greater aridity) and 
the other predicting a decrease in dust loading (due mainly to increased 
vegetation cover in some dry regions as a result of enhanced monsoon 
precipitation). Mahowald and Luo [2003] also predicted a reduction in dust 
loading in the future, but for a different reason. They argued that arid regions 
would experience an increase in vegetation cover as a result of an increase in 
the water-use efficiency of plants under elevated atmospheric CO2 conditions 
(i.e. the so-called CO2 fertilization effect). Quantifying the magnitude of the CO2 
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fertilization effect remains a challenge due to uncertainty about ecosystem-level 
responses to elevated CO2 concentrations, including the possible limiting role of 
nitrogen availability on the magnitude of the CO2 fertilization effect. These results 
also illustrate the need to consider multiple models (if available) when making 
any prediction, unless a single model can be shown to be clearly superior for a 
particular application.  
S1.2. How will climate and land use likely change in the future? 
S1.2.1. Climatic changes 
 The latest model intercomparison project aimed at predicting future 
climatic changes is CMIP5 (2012). CMIP5 improved upon the earlier CMIP3 
(2007) by including ESMs with dynamic land surface model components. In 
CMIP5, models were run for the historical period using observed data on key 
forcings such as solar irradiance and greenhouse gas emissions from natural 
and anthropogenic sources. The ability of the CMIP5 models to match 
independent observations during the recent modern period (e.g. 1970-2010) 
provides a basis for using these models to predict likely future Earth states. The 
future predictions of CMIP5 models should be used by the ESS community as 
forcing functions for geomorphic-response models.   
 CMIP5 models have well known problems in reproducing the modern 
climate. For example, they predict a “double” Intertropical Convergence Zone 
(ITCZ) and less-than-observed precipitation over the Amazon basin. 
Nevertheless, many aspects of the ensemble average of the CMIP5 model 
predictions are likely correct. They certainly represent the best available 
predictions of likely future climatic states.   
 In raw form, CMIP5 models produce gridded data for the key climatic 
variables at daily resolution (or higher) for the entire globe out to 2100 as 
predicted by many individual Earth System Models (each model has its own 
prediction). This is likely too much data for the ESS community to digest (e.g. 
grids of 1/8° resolution for every day of the next 83 years for many different 
models). As such, the ESS community needs to initiate a dialog with the ESM 
community to inform them of the kinds of distilled data products that would be 
most useful. For example, the ESS community would likely use ensemble-
averaged predictions for mean monthly precipitation, moments of the 
precipitation-intensity distribution for each month, and moments of the interstorm-
duration distribution for each month. Such grids are easy for the climate experts 
to produce, but may not exist in readily available form because no one has 
specifically asked for them. 
 Here is a partial list of the gridded global forecast data that are readily 
available: 

● BCSD-CMIP5 provides gridded global datasets (1/2° resolution, nom. 50 
km x 50 km) of monthly mean precipitation and min and max temperatures 
from the present day to 2100 at ftp://gdo-
dcp.ucllnl.org/pub/dcp/archive/cmip5/global_mon/   

● BCCA-CMIP5 provides gridded daily datasets (useful for assessing event-
scale statistics) at 1/8° resolution for the conterminous U.S. at ftp://gdo-
dcp.ucllnl.org/pub/dcp/archive/cmip5/bcca/ 

ftp://gdo-dcp.ucllnl.org/pub/dcp/archive/cmip5/global_mon/
ftp://gdo-dcp.ucllnl.org/pub/dcp/archive/cmip5/global_mon/
ftp://gdo-dcp.ucllnl.org/pub/dcp/archive/cmip5/bcca/
ftp://gdo-dcp.ucllnl.org/pub/dcp/archive/cmip5/bcca/
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● Additional global gridded data products for projected future climate states 
can be downloaded from the GCM Downscaled Data Portal at 
http://www.ccafs-climate.org/data/  

 Analyses have been performed on the CMIP5 model projections that 
provide some preliminary distillations of climatic variables that are important to 
the geomorphic community. For example, Lau et al. [2013] (Fig. S3) found that in 
the ensemble average of all models, more heavy precipitation occurred at the 
expense of intermediate precipitation. Also, the ensemble average of models 
predicts an increase in the length of dry periods in many regions of the globe.  
S1.2.2. Land-use changes 
 The Land Use Harmonization project (http://luh.umd.edu) provides global 
gridded datasets for the fraction of each 0.5° x 0.5° pixel comprised of crop, 
pasture, primary land, secondary land, and biomass harvested from various 
cover types (Fig. S4). These grids smoothly connect gridded historical 
reconstructions of land-use changes with future projections derived from 
Integrated Assessment Models (IAMs) from four Representative Concentration 
Pathways (RCPs) [Hurtt et al., 2011]. CMIP5 models use LUH gridded 
projections for land use, so CMIP and LUH projections are mutually consistent.  
 Another example of an emergent, and potentially useful, vegetation 
dataset is the 30-m resolution Global Forest Change map produced using the 
Google Earth Engine super-computing API, which quantifies forest gain and loss 
from 2000 to 2012 by analyzing cloud-free Landsat imagery composites [Hansen 
et al., 2013; http://earthenginepartners.appspot.com/]. 
S1.2.3. Other important global and regional datasets that may be important 
in assessments 
S1.2.3.1. Global datasets 
 Quantitative forecasts of C&LUC and their spatial variability are essential 
for forecasting geomorphic responses under likely future C&LUC scenarios. 
However, we also need grids that quantify “static” properties of landscapes. Two 
new global datasets have recently become available that represent a significant 
leap forward in the quality of data that was available 5 or 10 years ago.  
 ASTER GDEM v2 provides (1 arc second/pixel, nom. 30 m x 30 m pixels) 
elevation data for virtually all of the globe (83°N to 83°S). The dataset is large (~1 
Tb), so there are computational issues associated with using it as a basis for 
global ESS predictions. Also, the data is certainly far from the quality the ESS 
community has become accustomed to when working data derived from Airborne 
Laser Swath Mapping (ALSM). Nonetheless, the ESS community can no longer 
complain that they don’t have any decent digital terrain data for large areas of the 
globe. Many papers have proposed algorithms to extract ESS-relevant data from 
such global datasets. For example, Hugenholtz and Barchyn [2010] showed how 
dune morphologies could be mapped worldwide, but an actual map has not yet 
been produced. New global datasets such as ASTER GDEM v2 are underutilized 
as a resource for regional and global mapping of landscape properties.     
 The Harmonized World Soils Database v. 1.1 
[FAO/IIASA/ISRIC/ISSCAS/JRC, 2009] provides data on soil properties such as 
texture (Fig. S5). These data are inconsistent in terms of spatial resolution (some 

http://www.ccafs-climate.org/data/
http://luh.umd.edu/
http://earthenginepartners.appspot.com/
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countries have very high resolution data while other countries have much lower 
resolution) but overall the data quality and resolution represents a major 
improvement over previous global gridded datasets of soil properties.  
 Remote sensing imagery, and derived products, provide information on 
vegetation type and density at broad-scales. Globally extensive remote sensing 
products that might be used to represent vegetation, such as datasets derived 
from Landsat 4-8 imagery. While raw multi-spectral imagery is not of much use 
for determining vegetation type and density, derived products such as NDVI and 
EVI, which are indices of the near-infrared reflectivity of chlorophyll, can be used 
to estimate vegetation type, density and productivity. However, using Landsat-
derived metrics of vegetation at broad scales is made difficult by annual 
variations in vegetation reflectance, and obtaining cloud-free imagery globally for 
inter-annual time periods is infeasible. These issues might be resolved by using 
vegetation products derived from composites of  cloud-free satellite imagery that 
compile all images available for one or more years, which can be analyzed to 
produce estimates of vegetation characteristics continuously across the land-
surface. Cloud free 30-m resolution annual and monthly WELD composites of 
Landsat imagery are currently available globally [Roy et al., 2010; 
https://landsat.usgs.gov/WELD.php], but derived products for vegetation are 
currently limited to the U.S. If developed globally, the WELD 1-year NDVI 
composites, and 5-year vegetation continuous fields products (i.e. percent total 
vegetation, tree cover, and bare ground), which are currently only available in the 
U.S., might be of particular value to land surface response modeling.  
S1.2.3.2. Regional datasets (with a U.S. perspective) 
 High-resolution climate, soil, and land use data are available for the 
conterminous U.S. These data may be useful for preliminary testing of predictive 
models intended for use at a global scale. PRISM [Daly et al., 1998; 
http://www.prism.oregonstate.edu] makes available grids of climatic variables at 
800 m/pixel resolution that attempt to interpolate sparse climatic data in a way 
that honors the effect of topographic variations on precipitation and temperature 
fields. CONUS-Soil [Miller et al., 1998; 
http://www.soilinfo.psu.edu/index.cgi?soil_data&conus] provides gridded data for 
many soil variables useful in predicting hydrologic and geomorphic responses, 
including permeability and K-factor values. CONUS-Soil is a gridded version (1 
km/pixel resolution) of the STATSGO database. The National Land Cover 
Database (NLCD) provides 30 m/pixel resolution data on land cover types in 
2001 and 2006 (and the changes during the interval between those dates). 
Observed changes in land cover type between 2001 and 2006 can be useful 
inputs for testing models that predict geomorphic response to land cover change. 
These datasets are being merged into new and important products. Gu and 
Wylie [2010], for example, are producing maps of ecosystem performance 
anomalies (EPAs) based on a combination of soil, climate, and vegetation cover 
variables. EPA maps have proven useful in quantifying aspects of vegetation 
cover that play an important role in driving geomorphic responses, including leaf-
area index and percent bare area.  

https://landsat.usgs.gov/WELD.php
https://landsat.usgs.gov/WELD.php
http://www.prism.oregonstate.edu/
http://www.soilinfo.psu.edu/index.cgi?soil_data&conus
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 In section S1.3. we review current models and data that are being used or 
could be used to predict geomorphic responses to C&LUC at the global scale.    
S1.3. Exemplar models and data at the global scale 
S1.3.1. A mass-wasting example 
 A global gridded assessment of how landslide risk is likely to change 
under future climatic scenarios is not yet available, but preliminary tools are 
available that can be used to construct such an assessment. Kirschbaum et al. 
[2009], for example, derived and tested a global landslide prediction tool by 
assuming that landslide risk could be quantified based on six static factors (i.e. 
slope, soil type, soil texture, elevation, land cover, and drainage density) in 
addition to the exceedance of a threshold product of rainfall intensity and 
duration (Fig. S5). This model was calibrated against a global inventory of 
landslide events from 2003 and 2007. Such global inventories are far from 
complete – they include only the largest events and events underrepresent 
events in which significant loss of life or property did not occur. Kirschbaum et al. 
[2009] found that the observed intensity-duration threshold for triggering 
landslides was highly variable (their assessment assumed a globally uniform 
value). This variability presumably reflects the limited resolution and quality of the 
global datasets of terrain, soil properties, and rainfall used as inputs to the model, 
as well as uncertainty about the physics of landslide initiation. The modeling 
framework developed by from Kirschbaum et al. [2009] has not yet been used to 
predict the relative change in landslide activity under future climatic scenarios, 
but data are available to perform such an assessment.  

 
Text S2. Hillslope/fluvial processes 
S2.1. C&LUC forcings to hillslope and fluvial processes 

Changes in both climate and land-use will affect the morphology of river 
channel systems and hillslopes. To simplify the problem, impacts on the fluvial 
system can be grouped into changes in (1) water discharge, (2) sediment inputs, 
and (3) bank stability. Hillslope processes are strongly driven by rainfall and 
temperature. Rainfall produces hillslope erosion directly through rainsplash, 
sheet wash, and by increasing landslide and mass-wasting susceptibility via 
increases in pore fluid pressure. Temperature can influence the mobility of 
regolith through freeze–thaw processes. Together, temperature and precipitation 
are two major components of a water balance, which governs which plants can 
grow on the hillslope and thereby provide an ecological layer of cohesion and 
stability. 

Changes in water discharge follow from observed and predicted changes 
in the statistics of precipitation [e.g., Pendergrass and Hartmann, 2014b; 
Armstrong et al., 2014], as well as land-use changes that affect the efficiency of 
runoff in reaching streams. In the case of climate-change impacts on 
hydroclimate, the predicted increase in mean precipitation with temperature as a 
result of a more energetic atmosphere [Pendergrass and Hartmann, 2014a] does 
not keep pace with the increase in lower tropospheric water vapor [Held and 
Soden, 2006]. This leads to an increase in extreme precipitation events 
[Trenberth, 1999]; Pendergrass and Hartmann [2014b] found in their analysis of 
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GCM outputs that with a doubling of CO2, mean precipitation increases by 1 % K-

1, while rain rate in precipitation events beyond the 99th percentile increase by 3–
4 % K-1. This enhancement in rain rate continues for even more extreme events, 
with that for storms at the 99.99th percentile increasing by 6.9 % K-1. 
Furthermore, the patterns of change in lower tropospheric water vapor should 
result in wet regions becoming wetter and dry regions becoming drier [Held and 
Soden, 2006]. 

While this precipitation change can affect hillslopes directly, its effect on 
flow through river channels and fluvial processes is modulated by the conversion 
of rainfall into runoff, i.e., the patterns through time and space in which this runoff 
enters the fluvial system [e.g., Zollweg et al., 1996]. Human activities act both to 
increase flood peaks—for example, through the construction of tile drains on 
agricultural fields and urbanization of watersheds that replaces vegetation with 
hard surfaces and storm drains [e.g., Rose and Peters, 2001]—and to decrease 
variance in the hydrograph, primarily by the creation of dams and reservoirs [e.g., 
Topping et al., 2003]. 

Changes in sediment inputs to river systems can be driven by changes in 
land-use and climate. Land-use impacts include agricultural practices [e.g., 
Belmont et al., 2011], urbanization, mining, and deforestation [Douglas, 1996; 
Syvitski et al., 2005], which generally increase sediment inputs, and by 
installation of dams, which reduce sediment inputs to river systems by trapping 
this material in reservoirs [Syvitski et al., 2005]. Land-use changes impact 
hillslope conditions by changing hydrologic and/or land-cover conditons from 
those to which the hillslope is adjusted, thereby causing enhanced erosion and/or 
deposition until it reaches a new stable form. Climate change impacts on 
sediment supply include the effects of retreating and changing glacial systems as 
well as by impacting hillslope creep, solifluction, mass wasting (e.g., landsliding), 
and causing reorganization of vegetation communities. 

Vegetation provides a major component of hillslope and stream-bank 
stability. Therefore, environmental changes that affect the presence of 
vegetation, such as wildfire [e.g., Moody et al., 2008], flow regulation in rivers 
[e.g., Tal et al., 2004], changing hydrologic conditions [cf. Cramer et al., 2001; 
Ludwig et al., 2005], and deforestation [e.g., Derose et. al., 1993], induce 
landscape evolution. Considering patterns of global land-use [Hooke and Martín-
Duque, 2012], climate change effects on vegetation communities [Cramer et al., 
2001], and the strong feedbacks that can exist between plant communities and 
hydrologic pathways [Ludwig et al., 2005], vegetation changes will be a primary 
driver of landscape evolution into the future. 
S2.2. Hillslope-system responses to likely future C&LUC 

Future C&LUC will affect hillslopes primarily by altering the forces driving 
and resisting erosion. Erosion on hillslopes is a gravity-driven flux of sediment 
that is resisted by forces of friction and cohesion (e.g. soil and root cohesion). 
Water is the dominant agent facilitating hillslope erosion in most environments. 
Therefore, 1) climate-related increases in precipitation or in the frequency and 
magnitude of geomorphically-effective storms, as well as 2) decreases in ground 
cover, should result in increased hillslope erosion. As global climate predictions 
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are for dry places to get dryer, wet places to get wetter, and storm intensity to 
increase [IPCC, 2013; Trenberth, 1999], areas that experience increased storm 
intensity should then also experience more erosion on hillslopes  

Hillslope systems can be modeled using mass-balance and energy-
balance approaches. In these approaches, a hillside is split into spatially explicit 
units (e.g. points, pixels, pedons, etc.) and the change in the amount of a 
particular material stored within an area depends upon the difference between 
the flux of that material into and out of the space. Mass inputs to a given point on 
the hillslope include regolith, soil, and organic matter from upslope, aerially 
deposited water and dust, and atmospheric gas exchange (e.g. respiration). 
Outputs include erosion by wind, water, humans, and animals.  
 Over the decadal timescales pertinent to this discussion, both the rates of 
input (e.g. weathering of rock to regolith; accumulation of organic matter and 
dust) and output (e.g. chemical and physical erosion) are relatively slow. 
Nonetheless, they are important components of landscape evolution models 
because the mass balance between inputs and outputs dictates the change in 
stored sediment, which affects system behavior (e.g. water storage capacity and 
landslide susceptibility). 
 In regions where external sources of sediment (e.g. eolian and glacial 
deposition) are absent or negligible, the soil mantle is typically produced from 
physical and chemical weathering of the underlying bedrock. Gilbert [1877] first 
suggested that the rate of soil production from the underlying bedrock is a 
function of the depth of the soil mantle. This rate law, often called the soil 
production function [Heimsath et al., 1997], is defined as the relationship 
between the rate of bedrock conversion to soil and the overlying soil thickness. 
This soil depth that sets the rate of soil production is a result of the balance 
between the soil production and erosion. If local soil depth is constant over time 
the soil production rate must equal the erosion rate (i.e. the lowering rate of the 
land surface). Quantifying the soil production function therefore furthers our 
understanding of the evolution rates of soil-mantled landscapes [e.g. Anderson 
and Humphrey, 1989; Dietrich et al., 1995].  
 Sediment can be transported on hillslopes by diffusive processes (e.g. 
rain-splash detachment of soil particles and aggregates), multiple pathways of 
overland flow (e.g. rills, gullies and debris flows), and mass-wasting/movement 
events (e.g. landslides, rockfalls, and debris flows triggered by slope failure). 
Saturation overland flow may transport both sediment and water, producing 
sediment-charged floods in fluvial systems and/or mass wasting events in upper 
watersheds.  Subsurface storm flow may also result in sediment-charged floods 
in fluvial systems and may act to produce high pore pressures in saturated soils, 
and provide water as a lubricant to facilitate landslides, slumps or other mass 
wasting events. We focus on several mechanisms of hillslope erosion likely to 
change under a changing climate.  
 The importance of the combination of rain-splash detachment and 
transport by overland flow has been demonstrated by experiments that show 
sediment flux increasing by orders of magnitude when overland flow is generated 
by natural rainfall versus when it is generated by a portable flume (which 
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produces the same shear stress by overland flow without rain-splash 
detachment) on a nearby portion of the same hillslope [e.g. Gabet and Dunne, 
2003]. These experiments suggest that seals/crusts can form on hillslopes that 
suppress transport in the absence of disturbance processes such as rain splash.  
 The importance of rain splash as a rate-limiting process in soil erosion has 
long been appreciated in the soil science literature [Eckern, 1950; Rose, 1960]. 
Experiments indicate that the rate of rain-splash detachment increases 
proportionately with rainfall rate and decreases exponentially with the proportion 
of the surface that is protected from rain splash detachment by leaves, stones, 
and other obstacles to rain drop impact [Gabet and Dunne, 2003]. As such, of all 
of the variables used to quantify vegetation cover, percent bare ground and Leaf 
Area Index (LAI) are likely two of the most important for predicting sediment yield 
from hillslopes. LAI, for example, quantifies how much of the land surface is 
protected from the disturbance that occurs when rain drops hit the ground 
unintercepted by vegetation.  
 As sediment is progressively entrained through rainsplash and overland 
flow, and as sediment and water converge on hillslopes, rills develop during 
storms that may then converge to form gullies. Rills and gullies are very 
uncommon in regions with dense vegetation and low intensity precipitation, but 
are quite common in areas with sparse vegetation (due to either climate or land-
use) and high intensity rainfall events. Under extreme precipitation events or in 
areas with low vegetation cover and low soil permeability (e.g. recently burned 
areas; Meyer and Wells, 1997], progressive addition of sediment and water via 
rills and gullies may produce debris flows via this overland flow mechanism. 
 Mass movements (considered here to be landslides, rockfalls and 
avalanches, and debris flows triggered by slope failure) are driven by both non-
climatic factors (e.g. earthquakes) and by climate and land-use related factors 
(e.g. prolonged rainstorm events, freeze-thaw cycles, wildfires and land clearing) 
and resisted by soil cohesion and friction. Friction is reduced in areas of high 
pore pressures. High pore pressures often occur during and immediately 
following precipitation events with large total storm rainfall (the product of rainfall 
intensity and duration). When precipitation is highly seasonal, mass wasting often 
occurs later in the season and depends on both cumulative rainfall during the 
season as well as the total precipitation of the triggering storm. Temperature 
changes (e.g. freeze-thaw events) may also trigger mass wasting events via a 
decrease in soil shear strength.  

Langbein and Schumm [1958] and Dendy and Bolton [1976] analyzed the 
relationships among sediment yield and basic climatic variables using data from 
small drainage basins in the U.S. These analyses highlight the importance of 
runoff and vegetation cover in controlling sediment yields. For relatively arid 
basins (i.e. those with mean annual effective precipitation of less than approx. 30 
cm a-1), sediment yield is relatively low and increases with increasing effective 
precipitation because, although the resisting forces of vegetation cover are low in 
such environments, the magnitude of the driving forces of erosion (rain splash 
and overland flow) are also relatively low. A peak in sediment yield occurs in 
areas of approx. 50 cm a-1 mean annual effective precipitation, i.e. areas 
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sufficient effective precipitation to drive transport but insufficient precipitation to 
result in continuous plant cover. Further increases in effective precipitation lead 
to a reduction in sediment yield as the percent of bare ground approaches zero 
and the increase in shear stresses and rates of mechanical disturbance delivered 
to the soil surface by rainfall and runoff increase only modestly. Changes in 
mean annual temperature cause the peak in the Langbein-Schumm curve to shift 
(i.e. lower mean annual temperature results in a peak in sediment yield at a lower 
mean annual effective precipitation). Although much debated over the years, 
when controlling for the important site-specific factors of steepness/tectonic 
activity, the Langbein-Schumm curve may provide a theoretical basis for 
predicting how sediment yield may respond to climatic changes. However, the 
fact that vegetation cover is lumped with precipitation makes it difficult to apply to 
future scenarios (e.g. the CO2 fertilization effect) in which the correlation between 
vegetation cover and precipitation differs from that of the modern.  

Changes in vegetation cover (and associated LIA) under a changing 
climate will be complex and spatially heterogeneous. Studies of changes in Net 
Primary Productivity (NPP) from 2000-2009 show a global net reduction in NPP 
due to widespread drought and a drying trend in the Southern Hemisphere [Zhao 
and Running, 2010].  Studies of temperature-related tree mortality in the 
southwestern U.S., including mortality from wildfire, pine bark-beetle, and 
drought, indicate that by the 2050s, mean forest drought-stress will exceed that 
of the most severe droughts in the past 1,000 years [Williams et al., 2012]. 
Insofar as decreased vegetation cover and decreased forest cover are 
associated with increased bare ground, these vegetation changes on hillslopes 
will also be accompanied with increased soil erosion rates. 
S2.3. Fluvial-system responses to likely future C&LUC 
 The fluvial landscape is built by surface water flow, sediment inputs from 
hillslopes, sediment transport in channels, and the impact of vegetation on water 
flow and sediment transport. Fluvial systems occupy the space between the 
margins of hillslopes, where overland flow coalesces into a distinct stream and 
builds a corridor whose morphology and ecology evolve in response to the 
dominance of surface water flow. Here we outline processes in fluvial 
environments and potential changes in these processes with climate change. We 
then outline knowledge gaps and next steps in modeling the impacts of climate 
change. 

Fluvial processes involve the transport of water, sediment, and organic 
material from hillslopes, lakes, or glacier sources to river outlets. They are 
controlled by streamflow inputs, flow  hydraulics, sediment supply (volume and 
grain size distribution), the materials and biota that form the bed and banks of the 
channel, and base-level controls. In response to these drivers, channels adjust 
their shape and can erode into their beds or deposit sediment. These 
adjustments alter the the state of the fluvial system, producing a feedback 
between channel evolution and morphology. 

As outlined in section S2.1, rivers can be significantly impacted by C&LUC 
due to changes in (1) the magnitude, duration, timing and frequency of 
streamflows, (2) sediment supply from hillslopes and/or glaciers, and (3) riparian 
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vegetation communities. On-average increases in precipitation [Pendergrass and 
Hartmann, 2014a] will be spatially variable, with wet regions generally becoming 
wetter and dry regions generally becoming drier [Held and Soden, 2006]. Large, 
rare storm events are expected to become more intense [Pendergrass and 
Hartmann, 2014b]. Sediment supply will change due to built structures, land-use, 
wildfire, and hillslope adjustment to new conditions [e.g. Hooke and Martín-
Duque, 2012]. Streamflow and riparian vegetation will continue to interact, with 
changing river system conditions inducing observable ecogeomorphic responses 
to human activities [Tal and Paola, 2004; 2010; Walter and Merritts, 2008]. 

Rivers are organized into networks of channels and valleys that start in 
upland regions and merge before reaching the shore, at which point the channels 
often disperse into a network of distributary channels that deposit and redistribute 
the sediment load of the river in consort with local waves and tides [Galloway, 
1975]. These networks consist of channels—corridors that are dominantly 
shaped by the presence of flowing water—and floodplans—areas that are 
occasionally inundated and whose soils and morphology are shaped by the river 
system. The following subsections describe the possible effects of C&LUC on the 
river networks, channels, and floodplains, before addressing the formation of 
terraces—ancient surfaces that preserve the legacy of past river response to 
changing environmental conditions, and therefore one of the best data sources 
for any effort to predict future fluvial system change. 
S2.3.1. Channel network changes 
 Tucker and Slingerland [1997] modeled the response of drainage basins 
to changes in runoff and hillslope vegetation cover. These authors found that an 
increase in runoff intensity and/or a reduction in vegetation cover led to a rapid 
expansion of the drainage network, with the resulting increase in sediment supply 
leading initially to aggradation in downstream alluvial channels followed by 
incision as the drainage density stablized and sediment supply decreased. The 
Tucker and Slingerland [1997] model suggests that much of the sediment pulse 
associated with climatic changes is derived from expansion of the drainage 
network (as hollows are converted to first-order channels) rather than by an 
increase in sediment from areas that persist as hillslopes during and after the 
climatic transition. Tucker and Slingerland [1997] found that areas in which runoff 
intensity decreases or vegetation cover increases can lead to a retraction of the 
drainage network, but the downstream effects of such a change are more 
gradual compared with the case of a humid-to-arid transition. 
 Pelletier et al. [2011] offered a specific case study of geomorphic 
response to land-use changes with results consistent with the conceptual model 
of Tucker and Slingerland [1997]. Pelletier et al. [2011] documented widespread 
and unprecedented late Holocene drainage-network expansion and gullying in 
the steepland drainage basins adjacent to the Yarlung-Tsangpo Valley of the 
Tibetan Plateau. This area has been heavily grazed in the past few millennia. 
Pelletier et al. [2011] modeled the geomorphic response to a reduction in 
vegetation cover by overgrazing using a framework similar to that of Tucker and 
Slingerland [1997] and Rinaldo et al. [1995], and was able to reproduce specific 
features of the expanded channel network, including the longitudinal profiles of 
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incised channels. Together these results suggest that steepland channel 
networks are likely to expand and incise in the future in locations where runoff 
intensity increases and/or vegetation cover decreases, the former a certain 
impact of climate change [Trenberth, 1999; Held and Soden, 2006; Pendergrass 
and Hartmann, 2014b] and the latter a very likely impact of either climate or land-
use change. The downstream effects of such channel network expansions are 
likely to be complex (e.g. aggradation followed by incision). 
S2.3.2. Channels 

As rivers flow from their sources to the shore, they transition between two 
generally-defined endmember forms that provide a useful way of describing 
these channels and the processes that occur in and around them. Near the 
source of river channels, they are often characterized by mobilizing coarse-
grained sediments and eroding through bedrock and consolidated materials. 
These channels are termed to be “detachment-limited”: that is, they build their 
morphology by removing material. “Detachment-limited” is often used 
interchangeably with the term, “bedrock channel”, as these parts of fluvial 
systems often have exposed bedrock visible around the clasts. Much closer to 
the river mouth, rivers most commonly carry much finer sediments in a channel 
that is flanked by a broad floodplain, itself formed of overbank deposits from 
floods, and there is no shortage of mobile material for the river to carry. This 
endmember is called “transport-limited”: that is, changes in the shape of the 
channel are related to the difference between deposition and erosion at any 
given point, with net sediment transport through the system always occurring at 
the full capacity of the channel. “Transport-limited” is often used interchangeably 
with “alluvial channel”, as these rivers are filled with and surrounded by alluvium, 
with no bedrock exposed in the endmember case. While these endmembers are 
simplifications and rivers can exhibit characteristics of both of them in many 
locations, they provide a useful conceptual framework in which to divide a 
discussion of the response of river channels to C&LUC. 

Both bedrock and alluvial channel evolution respond strongly to the 
statistics of water flow through them. Bedrock erosion and bed load sediment 
transport respectively are often modeled using stream power per unit width 
[Whipple, 2004] and basal shear stress [e.g., Meyer-Peter and Müller, 1948; 
Wilcock and Crowe, 2003]; both of these are proportional to flow depth. 
Increased discharge produces a nonlinear increase in channel depth with a 
power-law exponent that is <1 [Leopold and Maddock, 1953]. Basal shear stress 
is linearly related to channel depth and water surface slope.  Bed load transport 
(per unit channel width) is a nonlinear function (power that is >1) [cf. Meyer-Peter 
and Müller, 1948; Wilcock and Crowe, 2003] of the difference between the bed 
shear stress and the critical shear stress (stress needed to initiate grain motion), 
which is a function of the grain size. The sediment transport response to a 
change in water inputs will be a function of the hydraulic response (shear stress 
variation with discharge) and sediment transport mechanics (flux variation with 
grain size and shear stress).  The large exponent in the sediment flux power-law 
equation implies that the predicted intensification of extreme precipitation events 
with global warming may be particularly important for future changes in sediment 
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transport rates.  Stream power per unit channel width scales with flow depth to a 
power >1, and while this is related to bedrock erosion by an empirical power-law 
exponent that is almost always <1 [Whipple, 2004; Whipple et al., 2000], it 
remains clear that bedrock erosion rates will increase if mean discharge 
increases with climate change. However, the stream power theory is applied in 
general to the long-term evolution of bedrock channels, and therefore it is not 
clear whether its functional form can be used with any certainty to understand 
channel response to changes in the statistics of flow events. While we cannot 
show from theoretical grounds whether any increase in the appearance of 
extreme flood events will cause an overall increase or decrease in the rates of 
bedrock channel erosion, the geologic record is replete with evidence of 
megafloods that left huge, lasting imprints on the landscape [Baker, 2009] that 
motivate efforts into a more direct and process-based understanding [e.g., Sklar 
and Dietrich, 2001] of rapid bedrock channel incision [e.g., Lamb and Fonstad, 
2010]. 
 Bedrock channel morphologic evolution is tightly tied to sediment supply 
from the surrounding hillslopes and the ability of flow and sediment transport 
through the channel system to pluck and mobilize large pieces of bedrock in the 
channel, abrade the channel walls, and possibly cause additional damage to the 
bedrock through cavitation [Hancock et al., 1998; Whipple et al., 2000; Whipple, 
2004]. Bedrock erosion by the impact of clasts on the bed (i.e. abrasion) is 
maximized when enough sediment exists to provide impactors, or “tools” to 
attack the bed, but not so much that it covers the bed and “armors” it from 
damage [e.g. Sklar and Dietrich, 2001]. Plucking is much more efficient than 
abrasion at removing bedrock from river beds, so wherever rock is fractured at 
sub-meter scales, this process will dominate, but current models of plucking are 
generally schematic and highly parameterized [cf. Chatanantavet and Parker, 
2009]. This once again leaves bedrock channel response to large flows as an 
open question, but it seems reasonable that larger floods would be able to pluck 
larger blocks, such that the characteristic spacing of the fractures in the bedrock 
would set the threshold at which this much more efficient erosion mechanism 
becomes active. 
 In response to changes in discharge and sediment supply, an alluvial 
channel can adjust a wide number of parameters that include but are not limited 
to: bed grain-size distribution, roughness, channel dimensions, bed slope, 
sinuosity, and morphology. All of these parameters will in turn impact reach-scale 
flow hydraulics (e.g. flow velocity and depth, turbulence, stream power and shear 
stress), sedimentation, and channel migration and stability. Schumm [1969] 
developed a simple conceptual model for the response of alluvial channels to 
changes in discharge and sediment load that can provide qualitative guidelines 
for alluvial channel changes with climatic and land-use changes. Schumm [1969] 
related discharge and sediment load qualitatively to the basic morphologic 
variables of a channel and assumed that a change in one variable would trigger a 
response in the other variables tending to restore the system to equilibrium. 
Using a + or – sign to denote an increase or decrease, Schumm [1969] 
suggested the following channel responses (w = channel width, d = channel 
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depth, (w/d) = channel form ratio, λ = meander wavelength, S = sinuosity and s = 
slope) to changes in discharge (Q) or bed material load (Qs,b):  
    𝑄+        →     𝑤+,𝑑+, (𝑤/𝑑)+,𝜆+, 𝑠− 

     𝑄𝑠,𝑏
+     →     𝑤+,𝑑−, (𝑤/𝑑)+,𝜆−,𝑆−, 𝑠−  (S1) 

Decreases in Q and Qs,b produce opposite results. Since changes in discharge 
and sediment load rarely occur alone, four other more likely combinations of 
change are possible: 
    𝑄+,𝑄𝑠,𝑏

+   →     𝑤+,𝑑±, (𝑤/𝑑)+, 𝜆+,𝑆−, 𝑠± 
    𝑄−,𝑄𝑠,𝑏

−   →     𝑤−,𝑑±, (𝑤/𝑑)−, 𝜆−,𝑆+, 𝑠± 
    𝑄+,𝑄𝑠,𝑏

−   →     𝑤±,𝑑+, (𝑤/𝑑)±, 𝜆±, 𝑆+, 𝑠− 
    𝑄−,𝑄𝑠,𝑏

+   →     𝑤±,𝑑−, (𝑤/𝑑)±, 𝜆±, 𝑆−, 𝑠+,  (S2) 
These relationships suggest that the net effect of an increase in both discharge 
and bed-material load, as could be expected in a warming climate in some 
locations, is to produce wider, less sinuous channels with a larger meander 
wavelength. The expected change in channel depth and slope are less clear but 
since the form ratio (w/d) increases, depth will remain constant or decrease. 
When both discharge and sediment load decrease, as might be the case 
downstream following construction of a new reservoir, the predicted channel 
responses are reversed. 
 Alluvial channels also respond to changes in water, sediment flux, and 
riparian vegetation by adjusting their their morphology and lateral mobility 
[Howard and Knutson, 1984; Tal and Paola, 2007, 2010; Wickert et al., 2013]. 
Dams act to restrict flow variability and have increased riparian vegetation 
encroachment onto the Platte River in Nebraska, USA [Tal et al., 2004]. 
Increases in hydrologic variability can have the opposite effect: the rate at which 
channels shift their positions laterally is directly proportional to the flux of bed 
load through them [Wickert et al., 2013], so any predicted C&LUC-related 
increases in sediment and water supply to river systems will cause more rapid 
shifts in channel position. El Niño Southern Oscillation (ENSO) cycles have 
influenced landsliding in the northern Argentine Andes, adding sediment supply 
to river channels and causing rapid aggradation that has buried vegetation and 
would have resulted in valley widening at the study site except for human 
intervention [Marcato et al., 2012].  
 A number of studies have used sediment transport equations to determine 
potential alterations in channel grain sizes, slopes, sediment fluxes or 
aggradation rates with climate change. (While there is not space here for a 
description of the equations of sediment motion, we refer the reader to a number 
of papers for background, including those by Shields [1936], Meyer-Peter and 
Müller [1948], Einstein [1950], Egiazaroff [1965], Parker et al. [1982], e.g. Dietrich 
[1982], Buffington and Montgomery [1997], Cellino and Graf [1999], Ferguson 
and Church [2004], and van Rijn [2007].) However, it is difficult to universally 
state a direction of change in sediment transport for all regions, and this largely 
depends on directions of change in flow discharge, sediment supply, and land-
use at the watershed to regional scale [e.g. Gomez et al., 2009; Verhaar et al., 
2010]. For example, in Idaho, climate change is projected to alter precipitation in 
mountainous areas from snow to more rain dominated. Such changes in 
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precipitation will alter flow hydrographs, extreme flood frequency and magnitudes 
of base flow. In addition to alterations in flow hydrology, significant changes in 
the supply of sediment can also occur with climate and land-use changes. 
Climate models agree that warming and the associated increase in potential 
evapotranspiration will result in more negative water balances in many semi-arid 
regions, further increasing the potential for enhanced wildfire frequency and 
severity in the future [Williams et al., 2010]. Such changes will augment the 
supply of sediment to channels by removing stabilizing vegetation. The 
magnitudes of changes in channel sediment fluxes, grain sizes, morphology and 
stability will largely be a result of the balance between the change in sediment 
inputs and the fluvial transport capacity at the local, reach or watershed scale 
[e.g. Neupane and Yager, 2013]. The location, timing, magnitude, frequency and 
duration of hillslope sediment delivery is just as important as discharge changes 
when calculating fluvial sediment transport and channel bed changes in 
mountainous river networks. Overall, the spatial variability in Earth-surface 
response to climate and land-use change makes the generalizations mentioned 
in prior paragraphs useful constructs that do not preclude the need to consider 
the specific conditions of each watershed. 

Such generalizations are further made difficult by direct human impacts on 
rivers. Channels are often filled in and artificially leveed for irrigation and flood 
control [e.g., Florsheim and Mount, 2002, 2003]. Dams turn sections of rivers into 
lakes, reduce sediment supply to downstream reaches [Syvitski et al., 2005; 
Topping et al., 2003], and can trigger earthquakes that further modify the 
landscape through their combination of increased load and pore fluid pressure 
[Ge et al., 2009]. Dredging and navigation operations in larger rivers additionally 
control their morphology [e.g., Surian and Rinaldi, 2003]. 
 Although the exact response of a particular watershed to C&LUC is 
difficult to generalize, past changes in river systems provide some keys to 
potential future channel responses. The combined influence of human activities 
and climate can be seen in the Upper Mississippi drainage basin, where 
converstion of native woodlands and grasslands to agricultural use over the past 
200 years of Euro-American colonization has resulted in increased flooding and 
sediment transport [Knox, 2001]. The sedimentary history in Lake Pepin, which 
records primarily Minnesota River inputs, shows a tenfold increase in sediment 
yield from pre-Euro-American-settlement times to the modern day [Belmont et al., 
2011]. While flooding and sediment mobilization in smaller tributary catchments 
decreased during the latter half of the 20th century due to improved land 
management practices [Knox, 2001], tile drains along the Minnesota River, a 
major Upper Mississippi tributary, reduce sheetwash erosion but result in sharp 
hydrograph peaks in the mainstem river, which cause streambank erosion 
[Belmont et al., 2011]. The modern mainstem upper Mississippi continues to 
experience frequent large floods, now likely due to more rapid and early 
snowmelt runoff associated with warming temperatures [Knox, 2001]. 

A compilation of alluvial riverbed elevations at >900 USGS streamflow and 
channel measurements from 1950-2011 shows that 68% of sites had bed 
elevation change [Slater and Singer, 2013].  Furthermore, disproportionately high 
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rates of bed elevation change and marked increases in precipitation and 
streamflow were measured in drier regions, while streamflow declined 
disproportionately at wetter sites [Slater and Singer, 2013].  This study suggests 
unforeseen responses of bed elevation to climate and climate change (and 
possibly the effects of dams), which has important implications for river 
management. 
S2.3.3. Floodplains 
 Seasonally inundated regions or wetlands cover approximately 6% of the 
earth surface [Junk et al., 2013] and it is estimated that floodplains account for 
15% of these systems [Tockner and Stanford, 2002]. Despite their limited 
geographical extent, floodplains play disproportionately important roles in both 
human use of the landscape and the natural functioning of ecosystems. Up to 
20% of Amazon basin is comprised of floodplains and up to 70% of the country of 
Bangladesh may be flooded in extreme events [Tockner and Stanford, 2002]. 
Floodplains are among the most biologically productive systems on the planet 
and are heavily utilized by humans for agriculture, industry, and settlement 
[Tockner and Stanford, 2002]. River interactions with floodplains control the 
magnitude and timing of water, sediment, and biogeochemical fluxes to the 
coastal ocean [Alin et al., 2008; Goni et al., 2005; Guo and Macdonald, 2006; 
Richey et al., 1990; Vonk et al., 2010]. These fluxes not only impact the 
economic viability of fisheries [Fennel et al., 2013]; they will control the response 
of coastal regions to future sea-level rise [Jerolmack, 2009]. 
 Floodplains play critical roles in regional and global climate dynamics. 
Hydrologically, floodplains have significant influences on regional water cycles 
and energy balances [Coe et al., 2008; Yamazaki et al., 2011]. The production, 
storage, and exchange of carbon between rivers and floodplains makes 
floodplains a central component of the terrestrial carbon cycle [Aufdenkampe et 
al., 2011; Battin et al., 2008; Battin et al., 2009; Cole et al., 2007; Melack, 2011; 
Regnier et al., 2013]. Current estimates suggest that annually an order of 
magnitude of carbon is stored in terrestrial sinks along inland water ways than is 
stored in ocean basins [Aufdenkampe et al., 2011]. 
 Climate change driven alterations in river hydrology, water temperature 
and sea level rise are all expected to impact the ecological health of wetlands 
and floodplains, but direct land use changes by humans remains the largest 
factor impacting floodplains [Junk et al., 2013; Tockner and Stanford, 2002]. In 
the Upper Mississippi River valley, conversion of the landscape from a patchwork 
of forests and prairies to tilled agricultural land increased floodplain 
sedimentation rates by at least an order of magnitude [Knox, 2006]. The 
Cosumnes River in California experienced an order-of-magnitude increase in 
floodplain deposition between 1849 and ~1920, but from ~1920 to 1990 was 
separated from its floodplain by levees that dramatically reduced deposition 
[Florsheim and Mount, 2002, 2003]. Changes in the stability and natural function 
of floodplains are expected to severally impact biodiversity, but they also come at 
significant human cost. The 1993 Mississippi River floods cost an estimated $16 
billion in damages [Pinter, 2005]. Globally, flooding leads to thousands of deaths 
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and the spread of disease, particularly in highly vulnerable developing countries 
[Ahern et al., 2005]. 
 At present, predictions of floodplain dynamics at global and regional 
scales remains largely limited to hydrology. Due to the importance of floodplains 
to proper hydrological simulations, numerous Global Hydrological Models 
(GHMs) [Beighley and Gummadi, 2011; Coe et al., 2008; Decharme et al., 2008; 
Li et al., 2013; Yamazaki et al., 2011; Zaitchik et al., 2010] and at least one Earth 
System Model (ESM) [Guimberteau et al., 2012] include some representation of 
floodplains. These representations, however, vary considerably in the level of 
abstraction and reliance on empirical relationships. Despite recent advancements 
in the compilation of satellite-derived data into global inundation datasets 
[Brakenridge and Anderson, 2006; Prigent et al., 2007], a lack of data regarding 
floodplains and river channel characteristics still remains one of the major 
challenges in global and regional hydrological modeling [Beighley and Gummadi, 
2011]. 
  Modeling of the geomorphic development and response of floodplains 
has largely been limited to individual river reaches and focused on the deposition 
and residence times of sediment and contaminants. Lauer and Parker [2008b] 
and Lauer and Parker [2008a] provided a detailed framework for modeling the 
exchange of sediments and contaminants between actively migrating river 
channels and bounding floodplains based on detailed measurements of a river 
channel’s migration rates and flood history. Bradley and Tucker [2013] used a 
landscape evolution model to explore the development of a floodplain by a 
meandering river to understand the age distribution and residence times of 
material stored in floodplains. Coupled hydrologic and sediment transport models 
have been used to predict floodplain sedimentation [Nicholas and Walling, 1997] 
and particle tracking models [Thonon et al., 2007] have been used to explore the 
influence of flooding on sedimentation patterns. Nicholas et al. [2006] outline an 
approach for the upscaling of dynamical floodplain predictions from reach to 
catchment scales. If the earth-surface community wishes to make the next jump 
in scale to regional and global predictions of floodplain responses to large scale 
changes in climate and/or land use, additional work will be required to convert 
reach-scale theory into global products that can be used by a broader 
community.  
S2.3.4. Terrace formation and channel cut/fill processes 
 As river channels incise, laterally planate, and aggrade, they leave behind 
strath and fill terraces, respectively. Terraces records have the potential to be 
powerful archives of changes in hydrology, sediment yield, climate and other 
environmental climate-related conditions that produce episodic river 
morphological change. Yet understanding how terrace records are formed 
relative to climate drivers is still a work in progress in both the field and with 
modeling [Wegmann and Pazzaglia, 2002; Hancock and Anderson, 2002; Anders 
et al., 2005; Finnegan and Dietrich, 2011]. Although it is established that river 
terraces are strongly linked to orbital-scale climate changes in their catchments, 
it is unclear how those linkages vary over different landscapes, and researchers 
are struggling with how to separate possible stochastic forcing from deterministic 
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climate forcing [Gardner et al., 1987; Korup and Schlunegger, 2007; Ouimet et 
al., 2007; Finnegan et al., 2014]. 

In the example of drylands and especially alluvial-fan systems, it has been 
proposed that the cycle of aggradation and incision during the latest Pleistocene 
to middle Holocene was driven by an increase in the frequency of magnitude of 
extreme precipitation events [Bull and Schick, 1979; Harvey and Wells, 2003; 
McDonald et al., 2003]. An alternative hypothesis is that a reduction in vegetation 
cover led to large sediment pulses that triggered cycles of aggradation followed 
by incision on alluvial channels and fans. For example, in the Mojave Desert of 
the southwestern U.S. packrat midden data indicate a history of elevational 
retreat of the shrubland-to-woodland transition since the LGM and these changes 
can be correlated to the timing of alluvial aggradation [Pelletier, 2014] (Fig. S6). 
Figure S6 was created using the packrat midden database to establish the timing 
of woodland retreat as a function of elevation in the Mojave Desert, together with 
a terrain analysis that hindcasts the timing of the onset of aggradation in valley 
bottoms and alluvial fans as a function of the topography of the source drainage 
basin upstream from every location. Antinao and McDonald [2013] analyzed the 
similar data and reached the opposite conclusion, i.e. that vegetation changes 
did not correlate to aggradational-event timing. As such, this is an area of 
vigorous debate.  

Another example, at shorter timescales, is the long history of research 
understanding arroyo cut-and-fill dynamics in drylands and their paleohydrologic 
significance. Many studies were motivated by historic arroyo cutting in the 
southwestern U.S. during the late 19th century, when ephemeral streams that 
had been flowing on or near valley surfaces entrenched 10s of meters into their 
alluvial streambeds [e.g. Cooke and Reeves, 1976; Knox, 1983]. One early 
realization was that these systems have undergone several cycles of streambed 
aggradation and degradation through the Holocene [e.g. Hack, 1942]. Such 
studies have resulted in a series of stream-specific chronologies of arroyo cutting 
and filling, reviewed by Cooke and Reeves [1976] and more recently by Harvey 
and Pederson [2011]. And a predominant hypothesis is that arroyos are cut 
during episodes of frequent, high-intensity flooding and then filled during periods 
of relatively infrequent and/or low-magnitude flooding. Yet, geochronology 
limitations have kept regional correlations tentative and internal-thresholds and 
complex response of channel systems has not been fully explored as an 
explanation [Schumm and Parker, 1973]. 
S2.3.5. Examples of available assessments and tools that can be used for 
forecasting hillslope and fluvial system response to C&LUC 
 Equations to calculate flow hydraulics can be relatively simple and easy to 
apply such as the Manning, friction factor and logarithmic velocity profile 
equations, which provide reach-averaged flow depths and velocities or velocity 
profiles given an assumed bed roughness. More complex hydraulic models 
include those that use some form of the Saint Venant Equations (1-D) and can 
predict downstream variations in flow velocity, depth and water surfaces (e.g. 
HEC-RAS, MIKE11, SOBEK). 2D models that use some form of the vertically 
averaged Navier-Stokes equations are also available and will provide shear 
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stress, velocity, water surface and flow depths fields (e.g. MIKE21, SOBEK, 
iREC). Finally, more complex 3D computational fluid dynamics models such as 
large eddy simulation (LES) or direct numerical simulation (DNS) will provide 
accurate and detailed 3D flow turbulence within relatively small reaches/areas 
and are becoming more popular with free software (e.g. OpenFOAM) and with 
higher computing power.  Channel and floodplain (see below) morphodynamic 
changes can be calculated using models that couple relatively simple 
deterministic sediment transport equations with 1D, 2D or 3D flow models (e.g. 
MIKE21c, iREC, Delft3D).  In addition, more local bedload and suspended 
sediment transport rates and morphologic changes can be calculated by coupling 
the CFD models described above with the discrete element method (DEM) of 
calculating individual grain motion (e.g. see Fluent, OpenFOAM).  A large 
number of geomorphic models (relevant to all Supplements) are available at the 
CSDMS website (http://csdms.colorado.edu) and CFD models are available 
through OpenFOAM (http://www.openfoam.com/). 
 To calculate sediment fluxes or test transport predictions, measurements 
of flow hydraulics, bedload and suspended sediment fluxes and/or channel 
topographies are needed. The USGS has measurements of flow discharge in 
many rivers and bedload and suspended sediment transport rates in some select 
locations for relatively limited time periods (http://www.usgs.gov/water/). Bedload 
and suspended sediment transport rates or long-term basin sedimentation rates 
have been measured by the U.S. Forest Service. The CUAHSI water data center 
is a repository for data related to water and critical-zone science 
(http://wdc.cuahsi.org). Channel slopes, drainage areas and basin characteristics 
can be estimated from a variety of free software packages including the USGS 
program StreamStats (http://water.usgs.gov/osw/streamstats/index.html). 
Channel and floodplain topography from LiDAR measurements are available 
through NCALM and OpenTopography (http://www.opentopography.org/).  
S2.4. Knowledge gaps and next steps 

Hillslopes and fluvial systems are intimately connected; hillslopes deliver 
sediment and dissolved load to fluvial systems via direct transport and through 
flow, and fluvial systems dissect, erode, and form hillslopes. Understanding how 
hillslopes will respond to climate change is of societal importance because, in 
areal extent, hillslopes dominate much of the landscapes in which we live. 
Stream health, ecosystem services, flood and landslide hazards, water quality 
and recreational activities are all impacted by fluvial and hillslope processes. 
Although predictions of hillslope and fluvial-system response to C&LUC are 
possible, a number of knowledge gaps in some cases preclude accurate 
estimates of potential alterations.  

Discretized modeling of hillslope and fluvial responses to C&LUC may not 
currently be feasible at global scales. The evolution of hillslopes and fluvial 
systems is dictated by relatively small-scale processes that are difficult to 
represent using the coarser resolutions typically necessary for global climate 
models. As an initial approach to the problem, simpler forecasting may be 
helpful. Given the spatial variability in hillslope processes, climatic forcing and 
vegetation response at the global scale, regional-scale predictions may be of 
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particular use.   Regional-scale predictions of hillslope response to C&LUC could 
be aided by delineation of specific regions within which hillslopes are believed to 
respond similarly to climate forcing. These regions could be delineated using 
thresholds for the variables affecting erosion. Ecotones, such as the upper and 
lower tree lines, could be used to understand how close different environments 
are to ecologic tipping points. Other ecologic thresholds such as winter 
temperature limits for pine beetle survival, might be important to consider, as 
pine beetle outbreaks, tree die-off, and stand thinning might elicit a landscape 
response.  

Hydrologic thresholds, such as the transition from water-limited to energy-
limited evapotranspiration, measurable using a Budyko index [Budyko, 1974; 
Jones et al., 2012], could be used to predict the impact of changes to the water 
budget. Similarly, the transition from a snow-dominated to a rain-dominated 
hydrologic cycle (a function of both changes in precipitation and temperature) will 
alter the timing and magnitude of water input to the geomorphic system, and this 
transition represents a threshold between different domains of process 
dominance and equilibrium landforms [Tennant et al., 2014].  Delineating climate-
related thresholds will facilitate the identification of landscapes on the edge (i.e. 
near tipping points), which may trend toward an alternate stable state when 
disturbed. For a given hillslope or fluvial environment, a systematic approach to 
forecasting landscape response might be to 1) identify bounding thresholds, 2) 
determine proximity to thresholds, 3) predict direction of change relative to 
thresholds, and 4) forecast rate of change. 

In addition to identifying thresholds and qualitative rates of change, more 
specific predictions could be made for some processes.  Quantitative forecasting 
of response rates will require discretized modeling of the land surface, intimately 
linking hillslope and fluvial processes. While many models of landscape evolution 
are produced with the goal of understanding the longer-term geologic forcings 
that produce and shape the Earth-surface [cf. Tucker and Hancock, 2010], the 
LAPSUS model of landscape evolution [Schoorl et al., 2000, 2002; updated 
review by Temme et al., 2011] is frequently applied over human time-scales, for 
example to understand interactions between agriculture and landscape change 
[Classens et al., 2009] and landscape response to climate change [Temme et al., 
2009]. LAPSUS includes the effects of tillage on soil erodibility [Schoorl et al., 
2004; Heuvelink et al., 2006] and predicts statistically significant differences in 
modeled landscapes as a result of climate change [Temme et al., 2009]. The 
cellular landscape evolution model CAESAR [cf., Coulthard et al., 2013] has also 
been used widely to simulate Earth-surface responses such as soil erosion 
[Hancock et al., 2011; Coulthard et al., 2012] to C&LUC, and has been calibrated 
with field data sets [e.g., Welsh et al., 2009]. Physically-based modeling of 
complex interactions among water, rock, soil, biota, and landforms are highly 
parameterized in modern broad-scale landscape evolution models, so 
statistically-based forecasting models, where key variables are measured or 
predicted using available data, may offer the simplest approach for forecasting 
landsurface response, but these are fundamentally limited to data that are 
available continuously at broad scales and sufficient resolution. 
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Coupled hillslope and fluvial systems can be discretely modeled from two 
different perspectives: 1) a short-term approach that assumes more slowly 
changing variables, such as elevation, soil and sediment characteristics, can 
effectively be held constant, which allows the model to focus on short-term 
responses such as changes to the hillslope-scale water balance, vegetation type 
and density, discharge and sediment supply and 2) a longer-term approach that 
allows erosion to change landsurface elevation and form as well as weathering 
rates, soil thickness, soil properties, channel form, and bedrock erosion. Over the 
decadal to centennial timescales of interest, short-term models may be sufficient 
for initial forecasting efforts that aim to quantify sediment fluxes on hillslopes and 
in streams. However, longer-term models are necessary for accurately 
forecasting the impact of climate change on the hillslopes and channels 
themselves. Thus the geomorphic community should strive toward developing 
models of optimal complexity to capture the necessary processes involved, while 
avoiding overly complicated models that are computationally difficult to apply at 
global scales. Dynamic coupling between process-based hillslope and fluvial 
models will be needed, and such a computational framework has been started by 
CSDMS [Peckham et al., 2013]. 

Given the complexity in fluvial and hilslope processes, we now highlight 
some specific examples of modeling and knowledge gaps to illustrate possible 
future directions for addressing the impacts of climate change. On hillslopes, 
reduced cohesion from disturbance or loss of vegetation is a primary mechanism 
by which climate and land-use change could increase the potential for erosion. 
Deforestation on hillslopes due to logging and agricultural land-clearing increases 
landsliding and runoff erosion [e.g. Swanson and Dyrness, 1975; Montgomery 
and Dietrich, 1994]. Projected decreases in forest cover via increased wildfires 
[Liu et al., 2010], insect infestations, and drought [Williams et al., 2013], when 
coupled with geomorphically effective storms, should increase hillslope erosion in 
these areas. A method to forecast hillslope response to changing vegetation 
could be to define areas where forest cover will decrease, overlay areas of 
decreased forested area with slope and relief maps, and model potential 
sediment flux based on any known geologic and geomorphic inputs (e.g. bedrock 
type and soil thickness).   

In addition, in areas subject to fires, global scale predictions of  increased 
fire activity [Liu et al., 2010] need to overlain with areas of steep topography and 
erodible bedrock to help estimate how climate-driven increases in fire activity 
may increase hillslope sediment yields. Conversely, in tropical and sub-tropical 
areas, where rainfall is projected to increase, hillslope vegetation densities will 
likely not change. However, saturation and failure of colluvium will likely increase, 
thereby increasing landslide risks (Fig. S5) (This issue is discussed in section 
A1.3.1.). Future models and assessments can build upon the work of 
Kirschbaum et al. [2009], to better predict areas at risk of landsliding under future 
temperature and rainfall scenarios. Models could be improved by (1) better global 
inventories of landslides, and (2) improved understanding of the physics of 
landslide initiation.  
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 For fluvial systems, bedload transport predictions are usually only 
accurate to a factor of 2, and in steep mountain channels can be orders of 
magnitude greater than measured values [Yager et al., 2012]. Sediment transport 
predictions could by improved by focusing research on the following: (1) 
additional field measurements of sediment transport to calibrate and validate 
models, (2) a better understanding of the mechanics of sediment transport, and 
(3) elucidation of the the coupling between upstream sediment supply (e.g., from 
hillslopes) and fluvial transport.  Recent research that focuses on the coupling 
between turbulence and suspended and bed load transport holds particular 
promise for improving sediment transport equations. In addition, using these 
equations to predict the response to climate change will require accurate 
estimates of sediment and water inputs from the surrounding hillslopes as well as 
stream channel parameters (e.g., grain size, slope).   

 
Text S3. Glacial/periglacial process zones 
S3.1. Introduction 

The cryosphere (Earth’s frozen water) is highly sensitive to climatic 
changes, particularly to warming temperatures and regional changes in 
precipitation phase, timing and amount. Current global warming contributes to 
dramatic decreases in northern hemisphere sea ice, lake ice, and ground ice in 
permafrost zones, and significant losses to glaciers and ice sheets. According to 
the recent comprehensive review by the Intergovernmental Panel on Climate 
Change [IPCC, 2013], recent rates of mass loss from all glaciers and ice sheets 
in the world totaled 663 ± 268 Gt yr–1, equivalent to 1.82 ± 0.75 mm yr–1 of global 
sea level rise. Additionally, permafrost temperatures have increased in most 
regions since the early 1980s. Significant but regionally variable permafrost 
degradation, along with associated surface subsidence, has occurred over the 
last few decades [IPCC, 2013].  

Given the roles that glaciers play in modulating water resources, sediment 
production, and sediment transfer to the fluvial system, it is important to be able 
to predict the response of alpine glacial landscapes to changing climate. While 
the Earth’s ice sheets and glaciers are the focus of a robust community of 
predictive modelers because of their dominant role in sea level rise, explicitly 
predicting the response of the associated landscapes has received relatively less 
focus.  

In terms of linkages back to the global Earth system response, permafrost 
is probably the most important component of the glacial/periglacial process zone 
because of the potential for release of stored carbon as greenhouse gasses and 
changes in albedo due to thaw lake expansion and vegetation change. 
Accelerated, thermally-controlled retreat of Arctic coastlines and river banks 
threatens infrastructure, exacerbated by increased wave fetch, open water 
season in the Arctic ocean and flood frequencies. 

In each of these subprocess domains, we will provide a brief introduction 
to the current state of understanding of how the landscape responds to and feeds 
back on climatic forcing. We then highlight resources and opportunities for 
development of predictive models going forward. 
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S3.2. Alpine glacial processes 
Alpine glaciers are, by and large, retreating worldwide under current 

conditions and are anticipated to continue their retreat under any plausible future 
climate scenario. Alpine glacier modeling efforts tend to focus on interpreting 
glacial extent as a proxy for past climate [e.g., Mackintosh et al., 2002; Plummer 
and Phillips, 2003; Kessler et al., 2006; Refsnider et al., 2008; Ward et al., 2009], 
testing numerical formulations of ice flow and erosion physics [e.g., Egholm et 
al., 2011], or simulating glacial landscape development on long timescales (> 1 
glacial cycle) and often on the orogen scale [e.g., Pelletier et al., 2010; Yanites 
and Ehlers, 2011; Anderson et al., 2012; Pedersen et al., 2012]. Several 
modeling and monitoring efforts have been made to predict glacier mass loss 
under future climate scenarios to estimate changes to water resources, e.g., in 
the Andes [Ramirez et al., 2001; Fraser, 2012], and many more to estimate 
potential contribution of alpine glaciers to sea level rise [e.g., Arendt et al., 2002; 
Codrain et al., 2005; Meier et al., 2007; Bahr et al., 2009; Berthier et al., 2010; 
Leclercq et al., 2011; Bolch et al., 2012; Jacob et al., 2012; Marzeion et al., 2012; 
Gardner et al., 2013; Hirabayshi et al., 2013; Radic et al., 2013], but these are 
not concerned with changes to the surrounding landscape. Therefore, important 
predictive work remains to determine the direct and indirect effects of glacial 
change on the landscape:  

● How are sediment fluxes from glacial environments changing?  
● How will glacier-fed rivers respond to changing sediment and water fluxes as 

their headwaters deglaciate?  
● How are alpine periglacial environments responding to deglaciation (e.g., 

increased/decreased mass wasting due to changing hydrology and temperature 
and debuttressing of valley walls, sediment storage and release in couloirs and 
talus fields, and formation and release of moraine-impounded lakes), and what is 
the resulting change in risk to human populations and infrastructure?  

While explicit prediction may not yet be feasible in response to each of these 
questions, assessment of the sign of change and in some cases magnitude of 
change may be possible, given consideration of regional geology in conjunction 
with anticipated climate change and associated magnitude of glacial retreat. 

Good summaries of the changes to the glacial environment and related 
hazards under modern deglaciation are given by Evans and Glague [2004], 
Chiarle and Mortara [2008] and Moore et al. [2009]. Below, we summarize the 
major climate-dependent processes active in the alpine periglacial landscape, 
describe the controlling climatic variables for each, and highlight the potential for 
feedbacks on the climate system where they exist. We then describe existing 
modeling resources and monitoring approaches that may be useful in efforts to 
predict landscape response to climate change 
S3.2.1. Process relationships in alpine glacial landscapes and our 
current understanding of the impacts of C&LUC 
S3.2.1.1. Glaciers 

Air temperature, incident radiation (as impacted by cloudiness, humidity, 
etc.), and precipitation all impact the mass balance of alpine glaciers and ice 
sheets, which directly controls the length of the glacier. Because glaciers 
respond to changes in these variables on very rapid timescales (100-102 yr) they 
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have long been used as sensitive indicators of both past climate and ongoing 
climatic change [e.g., Oerlemans, 1994]. Changes to timing and amount of 
surface melt and precipitation phase also impact glacier dynamics in more 
complex ways, such that they may impact, for example, the rate of erosion and 
sediment evacuation at the base of a glacier. Subglacial hydrology, strongly 
impacted by the timing and magnitude of water supply, is a primary influence on 
ice motion by basal sliding [e.g., Benn and Evans, 1991; Bartholomaus et al., 
2008; Zoet et al., 2013], which is a key factor in erosion rate [Hallet, 1996; 
Iverson, 2012]. The glacial response to changes in water input depends on 
thickness, seasonal timing (conduit maturity), and geologic factors such as bed 
roughness [Bartholomaus et al., 2008]. Additionally, meltwater carries latent heat, 
which warms the ice and affects ice flow by deformation [Colgan et al., 2012]. 
Both sliding and ice flow in turn feed back on the hydrology, erosion, and 
sediment transfer to the proglacial environment. Rock glaciers, too, are affected 
by temperature changes, potentially flowing faster under warmer conditions 
[Kääb et al., 2007]. This will likely change the amount and distribution of unbound 
material in glacial and periglacial valleys as rock glaciers become more common 
due to glacier loss in some places and disappear themselves in other places.  

For the surrounding landscape, the loss of the glacier itself is a major 
change to the boundary conditions for many processes. In addition to the 
changes to downstream hydrography, the physical presence of the glacier is 
being removed. Two dramatic examples are debuttressing of valley walls and the 
formation of moraine-dammed lakes.  
S3.2.1.2. Mass wasting 

The paraglacial response describes the erosional response of a landscape 
conditioned by prior glaciation, and is often expressed as an increase and 
subsequent decrease in sediment yield from a catchment following its 
deglaciation [Church and Ryder, 1972; Church and Slaymaker, 1989; Ballantyne, 
2002]. As a glacier retreats, it effectively removes support at the toes of steep 
valley walls; increasing the likelihood of rockfall at oversteepened sites 
[Ballantyne, 2002; Cossart et al., 2013; Fischer et al., 2013]. Resulting rockfalls 
and rockslides contribute extra sediment to the proglacial environment, and can 
form dams [Korup and Tweed, 2007] and increase debris cover on glaciers 
[Arsenault and Meigs, 2004; Carrasco et al., 2013]. Changes to the amount and 
size distribution of sediment present in the periglacial landscape interacts with 
changing transport processes, such as entrainment by avalanches [Kochel and 
Trop, 2012; Moore et al., 2013]. Changing supraglacial debris supply feeds back 
on glacial mass balance, as debris cover more than a few cm thick insulates 
glacial ice against daily temperature variations [Nakawo and Rana, 1999; 
Anderson, 2000; Dobhal et al., 2013].  

Processes of talus generation are also sensitive to climatic change, and 
also impact the amount and distribution of sediment in the glacial landscape. 
Multiple processes can generate talus [Matsuoko and Sakai, 1999], but in many 
cases, the growth of segregation ice lenses within flaws in the rock is dominant 
[Walder and Hallet, 1986]. The location and intensity of this process, which 
occurs most rapidly where rock is within the 3º to 8ºC “frost-cracking window”), 
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depends on local rock-surface temperature and seasonal temperature variability, 
water availability, and geologic variables such as fracture density [Anderson, 
1998; Anderson et al., 2012; Hales and Roering, 2005, 2007; Matsuoka and 
Murton, 2008].  
S3.2.1.3. Floods 

One relatively well-documented change to alpine glacial landscapes under 
contemporary climate change is the formation and catastrophic release of glacier 
and moraine-dammed lakes [e.g., Iturrizaga, 2011; Carrivick and Tweed, 2013]. 
The June, 2013 destruction of Kedarnath (northern India) and nearby towns, in 
which nearly 5700 people were killed by debris flows triggered by a rain-on-snow 
event closely followed by the outburst of a moraine-dammed lake, highlights the 
potential risk of such events. From a risk management perspective, it is critical to 
understand how the frequency of these floods may change under continuing 
climate change, as infrastructure and people are in the path of potential 
destruction in mountainous areas such as the Alps, the Himalaya, western 
Canada, and the Andes [Kattelmann, 2003; McKillop and Clague, 2007; 
Dussillant et al., 2010; Schaub et al., 2013]. 
 Glacial lakes commonly form behind dams created by moraines, glacial or 
stagnant ice, or rockslide deposits [Korup and Tweed, 2007]. Moraine dam 
formation is favored when a protracted cool period permits the buildup of large 
terminal and lateral moraines, then subsequent rapid warming and glacier 
withdrawal promotes lake formation [Clague and Evans, 2000]. The moraine-
building Little Ice Age of 150-300 yr ago, followed by the current period of glacial 
retreat, is a climate transition that is tailor-made for creating moraine-dammed 
lakes. Floods from these lakes are often triggered by overtopping of the dam due 
to large precipitation events or changes to the meltwater hydrograph, or by icefall 
or rockfall from an oversteepened glacier terminus or valley walls, respectively. 
The risk of a flood is therefore also sensitive to changes in local climate.  

Jökulhlaups (“glacier-bursts”) are commonly the result of drainage of an 
ice-marginal lake through subglacial conduits. Whereas moraine dam failures 
generally occur once for a particular lake, jökhulaups can recur annually or 
subannually on a quasi-predictable schedule [Bartholomaus, 2008; Kingslake 
and Ng, 2013]. Regularly-occurring jökulhlaps can change frequency and 
magnitude as the glacier thins during retreat, because the threshold for flotation 
of the ice dam is reduced [Evans and Clague, 1994]. For example, on the 
Colonia River in Chilean Patagonia, the largest jökulhlaups on record occurred in 
2008-2009, although larger floods are apparent in the sedimentary record in that 
location [Dussaillant et al., 2010]. 
S3.2.1.4. Debris flows 

Debris flows are a common hazard in steep areas. Weiczorek and Glade 
[2005] provide a thorough review of climatic factors influencing debris flow 
activity. Intense rainstorms and rapid snowmelt are common triggers for debris 
flows, and both are subject to predictable change under future climate scenarios. 
However, the response to a precipitation or snowmelt event at any particular 
location depends on a confluence of geologic conditions, antecedent weather, 
and availability of sediment. Glacial and alpine periglacial environments are 
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especially prone because they generally contain large quantities of 
unconsolidated sediment, along with limited infiltration capacity and high potential 
for flashy discharge and the types of floods described above. For example, 
debris flows in periglacial areas underlain by permafrost are conditioned on the 
season: small debris flows can be triggered with small rainfall early in the melt 
season, but as the permafrost active layer thickens, it can absorb more water, so 
more rainfall is needed to trigger a debris flow [Stoffel et al., 2011]. These late-
season debris flows may be larger, however, because more active layer 
sediment is available to be entrained [Rebetez et al., 1997]. In the Alps, with 
projected decreases in future summer heavy rainfall, accompanying decreases in 
debris flow activity will allow extra accumulation of debris in low-order channels. 
When combined with debris from destabilized rock slopes and rock glaciers, 
more sediment is ultimately available for incorporation in large debris flows when 
they happen [Stoffel et al., 2011].  
S3.2.1.5. Dust 

Aeolian dust fluxes are strongly correlated with climate variations [Lambert 
et al., 2008] and have a strong potential for both positive and negative feedbacks 
on the climate system (See supplement D). Dust has a strong albedo feedback 
on snow or ice, and affects the transmissivity of the atmosphere, cloud 
nucleation, and chemical fluxes. Weathering and dissolution of silicate loess 
subaerially or in the oceans is enhanced due to the high surface area of small 
particles and is a sink for carbon dioxide [Anderson, 2007]. Major dust sources in 
the arid low latitudes are commonly considered in climate modeling, but 
glacigenic sources are largely neglected. During the last glacial period, large 
amounts of dust were released by glacigenic sources, such that atmospheric 
dust loading was up to an order of magnitude higher [Bullard, 2013], creating the 
well-known loess deposits of the global subarctic and continental deserts such as 
the Gobi Desert. The response of the eolian flux during deglaciations is variable 
and depends on the setting. Ackert [2009] proposed that upon withdrawal of 
Patagonian glaciers during the last termination, proglacial lakes impounded much 
of the fine sediment that was generating dust, resulting in the decreased dust flux 
to Antarctica seen in ice cores at that time [Lambert et al., 2008]. In other 
settings, changing hydrography and wind patterns may result in increases in dust 
loading from proglacial rivers [Bullard, 2013], before a reduction upon full 
deglaciation (analogous to the exhaustion model for coarse sediment release). 
Wind seasonality and direction, seasonal meltwater hydrograph, and period of 
snowfall are important controlling variables, because most dust is released from 
proglacial rivers when the water stage is low, winds are strong, and snow cover 
is absent, as is common just after the melt season in glaciated areas such as 
Alaska. Outburst floods, such as moraine-dam failures and jökulhlaups, also tend 
to increase the delivery of fine sediment to the outwash plain, where it can be 
entrained by the wind [Old et al., 2005]. 
S3.2.1.6. Summary: the neoparaglacial response 

Most of the processes above display a response to deglaciation and 
climate change that follows the form of the classic paraglacial response curve. 
However, instead of the 10 kyr timescale usually described in the paraglacial 
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response, the timescale of response of these processes to modern glacial retreat 
may be much shorter. We suggest that a productive unifying framework for the 
modern alpine landscape changes would be to constrain a neoparaglacial 
response curve for each process active in a particular region (Fig. S7). For 
example, water flux from a deglaciating valley will increase in the short term as 
the glacier itself is depleted, then decrease upon full deglaciation. Similarly, the 
frequency of jökulhlaups may increase as lake-damming glaciers thin, then cease 
altogether as the glacier retreats past the lake position. Moraine-dammed lakes 
will fill with ongoing retreat and then fail, with the global frequency of floods 
diminishing over 100-yr timescales. Increased rockfall due to debuttressing will 
continue on a 100-1000-yr timeframe, then fall off as slopes stabilize; the 
sediment this produces may impact the downstream fluvial system for thousands 
of years. Understanding the timescale of the neoparaglacial response for each 
distinct process is needed in order to forecast regionwide or global responses of 
the alpine glacial environment to climate change.  
S3.2.2. Synopsis of available assessments and tools that can be used to 
make assessments 

We now have very good monitoring and measurement methods for 
watching glacier change, even in remote locations. Examples include GRACE 
satellite gravity measurements [Harig and Simons, 2012], ice penetrating radar 
[Rotschky et al., 2004], LiDAR [Hopkinson and Demuth, 2006; Rees and Arnold, 
2007; Rabatel et al., 2008], satellite measurements of glacier retreat [Berthier, 
2004; Khalsa et al., 2004; Paul et al., 2007; Bolch et al., 2011; Burns and Nolin, 
2014], glacial hazards [Huggle et al., 2004, 2006; Salzmann et al., 2004] and ice-
surface velocities [Scherler et al., 2008; Burgess et al., 2013], a photographic 
record spanning the period of AGW [e.g., Cossart and Fort, 2008; Diolaiuti et al., 
2011], and good old-fashioned field measurements.  

Compilation datasets that have resulted from these kinds of monitoring 
efforts include the  World Glacier Inventory (WGI; Cogley [2010]; Fig. S8), Global 
Land Ice Measurements from Space (GLIMS; http://www.glims.org; Raup et al. 
[2007]; Fig. S8), and the Randolph Glacier Inventory [Arendt et al., 2012], which 
extended the GLIMS outlines to be globally complete for the IPCC AR5 report 
[IPCC, 2013]. Compilation datasets have proven useful in parameterizing 
statistical models to assess climate sensitivity of mountain glaciers on a regional 
scale [Hoelzle et al., 2007]. 

Many other global cryosphere datasets, including photographic archives, 
are available from the National Snow and Ice Data Center (http://nsidc.org). 
Projections of future values of many of these variables are available from CMIP5 
(http://cmip-pcmdi.llnl.gov/cmip5/; e.g., snowfall, land ice cover, surface 
temperature over land ice, etc.), albeit at 0.5-1º spatial resolution.  

To make predictions of the alpine glacial landscape response to climate 
change, two new data products would be of paramount importance. The first 
would be downscaled precipitation, precipitation phase, and temperature grids for 
all mountainous areas with glaciers. Current global grids from GCMs are useful, 
but do not represent terrain accurately. Mountain climate and climate variability 
are therefore very poorly represented on these grids and of limited use for 

http://www.glims.org/
http://nsidc.org/
http://cmip-pcmdi.llnl.gov/cmip5/
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prediction of change to alpine environments [e.g., Salzmann et al., 2007; Stendel 
et al., 2007]. The second useful dataset would be a global compilation of 
predicted glacial retreat in different regions, ideally down to the valley-glacier 
scale. Glacier equilibrium line prediction schemes based on statistically 
downscaled climate model output have proven successful on regional or orogen 
scales [e.g., Paul et al., 2007; Zemp et al., 2007; Rupper and Roe, 2008; Fyke et 
al., 2011].  

In combination with the available historical datasets on ongoing monitoring 
efforts, these two products would enable sophisticated evaluation of the global 
impact of future neoparaglacial response. For example, downscaled air 
temperatures would allow better estimates of future meltwater flux, with the 
associated impacts on glacier sliding, lake filling, and downstream hydrography. 
Combined with simple thermal modeling and geological information about 
fracture density, downscaled air temperatures would also provide a first-order 
estimate of changes in location and intensity of talus production by frost 
shattering. With climate model output allowing prediction of changes in seasonal 
wind speed and direction, production of meltwater and catchment precipitation, 
and resulting hydrography of major proglacial rivers, changes to the peak 
eoligenic times and locations could be predicted [Bullard, 2013]; with some 
incorporation of entrainment physics and knowledge of local vegetation changes, 
changes to dust fluxes might be predicted. While a comprehensive global 
glacigenic dust dataset might not be feasible, this approach would allow 
identification and quantification of major sources, which could then be 
incorporated into the dust fluxes used by GCMs. 

Similarly, a global dataset of anticipated glacier retreat would permit 
evaluation of slope stability and risk of rockfall and landsliding due to 
debuttressing, at large scales by simple correlation against topographic slope 
and fracture orientation, and at local scales in identified high-risk areas, by more 
sophisticated engineering-grade stress modeling. 

The hazard potential of moraine-dammed lake outbursts could be 
evaluated more effectively by combining the downscaled climate projections, the 
glacial retreat projections, and modern satellite imagery to identify locations 
where moraines are likely to impound a lake in the future and estimate the filling 
rates of that lake. Local planners could use this information along with local 
weather forecasting to assess likelihood of overtopping by melt or rainfall in a 
particular period of time, and make appropriate mitigation plans [Kattlemann, 
2003]. The modeling and image analysis framework for this exercise is already 
being used in some areas. For example, Schomacker [2010] outlines procedures 
for estimating terminal lake expansion using ASTER data, with application to 
Iceland. Similar monitoring approaches have been applied to assess changes to 
glacial lakes and risk of outburst floods in remote areas of the Himalayan orogen 
[Quincy et al., 2007; Gardelle, 2011] and in the Alps [Huggel et al., 2003]. 
McKillop and Clague [2007] developed a statistical model that classifies with 88% 
accuracy drained and undrained moraine-dammed lakes in British Columbia, by 
using satellite images to assess moraine height-width ratio and lake area along 



 
 

29 
 

with geological information on the presence of an ice core in the moraine and 
primary rock type in the moraine. 

Several predictive models for annual outbursts were tested by Kingslake 
and Ng [2013], who showed that the timing of annual jökulhlaups from 
Merzbacher Lake, Kyrgyzstan, can be predicted within a margin of a few weeks 
given knowledge of filling rates (a function of seasonal precipitation, snowmelt, 
and other factors controlling hydrography of the marginal lake) and a variable 
threshold water depth for drainage. In most cases, the models are trained on 
existing datasets or historical records; incorporating projected glacier and climatic 
changes would be a logical extension of these models.  

With predictive models of outburst flood risk, hydrological modeling can be 
applied to the downstream areas to assess risk of inundation and debris-flow 
damage. The hydrography of these floods is somewhat difficult to predict 
because factors such as heterogeneity of dam materials and details of subglacial 
conduit evolution may differ widely between each particular case, and the 
resulting downstream impacts depend heavily on the flood hydrograph [Moore et 
al., 2007; Kershaw et al., 2005]. Nonetheless, a modeling framework exists for 
this kind of impact analysis, and some 1D and 2D hydrologic models have shown 
some skill in predicting downstream hydrology following an outburst flood or 
floods both in confined valleys [Bohorquez and Darby, 2010] and less-confined 
alluvial valleys [Osti et al., 2013].  

In all of the processes regarded above, geologic parameters such as 
fracture spacing and orientation, lithology, and tectonic conditions need to be 
considered in order to make accurate predictions. One way to treat this natural 
variability is by using stochastic models. Dadson and Church [2005] present a 
model of paraglacial response that can be calibrated based on material 
properties and scale of a particular glacial valley. This approach is based on 
stochastic landslide triggering combined with a standard landscape evolution 
model formulation, and can replicate well the sediment yields from several 
deglaciated basins over long timescales (i.e., 10 kyr). Shorter term response of 
deglaciating valleys is likely to be much more variable based on local conditions 
[Cossart and Fort, 2008]. Generalizations are probably possible based on many 
site-specific applications of such models, but many site studies will be needed 
before global predictive modeling could be regarded as reliable. 

Despite the multitude of complexities and internal process interactions, the 
alpine glacial landscape presents unique opportunities, because glaciers respond 
so quickly to climate change that relatively short-term observations (~1-10 yr) can 
be used to calibrate or refine models and increase their predictive power. Loss of 
alpine ice is opening new landscapes, which again provides the opportunity to 
study processes of landscape evolution under rapidly changing conditions, to 
develop models to predict future changes, and then to measure landscape 
change over the predicted timescale.  
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S3.3. Periglacial processes 
S3.3.1. Process relationships in periglacial landscapes and our current 
understanding of the impacts of C&LUC 
S3.3.1.1. Upland Processes 

Periglacial hillslopes are found in a wide variety of geomorphic 
environments and consequently have differing sensitivities to changing climate.  
In this section, we provide an overview of the processes active on both 
detachment limited, rocky alpine hillslopes as well as transport limited hillslopes 
characterized by low relief, low slope, vegetated hills [Selby, 1992].  This 
overview is followed by a discussion of how climate-driven changes in hillslope 
processes may affect down slope environments. 

The predicted changes in temperature and precipitation discussed below 
will affect the style and rate of sediment transport processes on periglacial 
hillslopes [Harrison, 2009].  These changes are expected to accelerate transport, 
increasing the total sediment flux delivered to rivers, lakes, estuaries, deltas and 
other downslope environments.  Observations already exist that support a recent 
acceleration in transport rates and hillslope instability [Gooseff et al., 2009; Harris 
et al., 2009; Jorgenson et al., 2006; Lacelle et al., 2010]. Permafrost, which is 
defined as any substrate (e.g. rock, soil, ice and mixtures thereof) that remains 
below 0°C for more than two years, underlies many periglacial hillslopes and 
functions as a shallow aquitard.  As a consequence, near-surface water content, 
including both solid and liquid phases, is highly variable in space and time and 
exerts a strong influence on hillslope form and stability [French, 2007; Millar, 
2013].  Future changes in air and ground temperatures will alter the amount and 
phase of water available in the thawed active layers of periglacial hillslopes, thus 
affecting transport rates and processes [Goodfellow and Boelhouwers, 2013].   

Predicted changes in the timing and magnitude of water delivery to high 
latitude landscapes are extremely variable as they are a function of temperature, 
precipitation and other environmental factors [Dixon, 2013]. There is 
considerable confidence that high latitude regions will experience a 2.8 – 4.6°C 
increase in mean annual temperature before the end of this century [ACIA, 
2005], nearly twice that predicted for the mean global temperature over the same 
period.  Uncertainties associated with predictions of high latitude precipitation are 
considerably greater than those for temperature.  Acknowledging significant 
spatial variability, models predict an increase in arctic precipitation of 7.5 – 18.1% 
before the end of the century [ACIA, 2005].  Taken at face value, these two 
predictions suggest earlier and higher peak flows, but are complicated by 
unknowns regarding the proportioning of rain and snow, the frequency of 
extreme events (both temperature and precipitation) and changes in 
evapotranspiration (as reviewed in Hinzman et al., [2005]). 

Detachment limited transport processes on periglacial hillslopes typically 
occur in steep, alpine, glaciated environments where soil or colluvial cover is thin 
or absent and water content and phase can be highly variable through the year.  
As discussed above in the glacial mass wasting section, ice can strip surfaces 
down to bare rock enabling fracture formation/propagation driven by a 
combination of moisture-penetration, temperature fluctuation and unloading 
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[Matsuoka and Murton, 2008]. Because these landscapes are typically 
characterized by high slopes, available material is transported away via 
processes including rockfall, block toppling, rock avalanche or debris flow 
[Matsuoka and Sakai, 1999, Stoffel et al., 2005]. Numerous studies have sought 
to demonstrate whether the frequency and magnitude of these transport events 
are correlated with climatic variables such as temperature and precipitation [e.g. 
Stoffel and Huggel, 2012]. If this correlation can be demonstrated, workers will 
have greater confidence in predicting how anticipated changes in climate might 
affect transport rates and hazards in these steep, upland environments [Gruber 
and Haeberli, 2007]. 

Transport limited periglacial hillslopes are a consequence of sediment 
supply exceeding transport capacity. This can occur either where high sediment 
production rates exceed transport or where fluxes are reduced by low slopes or 
high cohesion.  As a consequence of either of these conditions, transport limited 
hillslopes are typically modified by incremental, diffusive processes that construct 
broad convex hilltops with relatively planar hillslopes that transition into concave, 
deposition-dominated toe slopes. Transport processes in these environments 
include solifluction and gelifluction where wave-like lobes of material creep down 
hillslopes driven by high water content in either liquid or solid forms [Matsuoka, 
2001]. Creep-type processes can be very rapid where diel frost cycling is 
possible such as in high latitude maritime environments.   

Sporadic mass wasting events do occur on low gradient, transport limited 
surfaces when local, rapid thaw of frozen ground results destabilization.  These 
are often referred to as thermal erosion features or upland thermokarst and have 
been categorized by both the environment in which they initiate and the manner 
by which they progress [Jorgenson and Osterkamp, 2005; Jorgenson et al., 
2008; Kokelj and Jorgenson, 2013]. When shallow, pervasive seasonal thaw on 
planar hillslopes extends down to the base of the frost table, ice lenses can serve 
as failure planes for shallow slips termed ‘active layer detachments’ [Lewkowicz 
and Harris, 2005]. Though these detachments are typically less than a few 
meters thick, their erosion products are typically short traveled and do not always 
connect to rivers or lakes downslope.   

On hillslopes where networks of interconnected ice wedges are present, 
warming can preferentially melt these large bodies of water ice leading to 
subsidence, topographic concentration of surface waters, tunneling and 
eventually extensive ground collapse that result in channelized erosion following 
along the ice wedge network. In low gradient landscapes, this process typically 
results in gradual subsidence and the formation of high centered polygons, but 
on hillslopes, because the products of ice wedge degradation are so easily 
transported away, they form networks of ‘gully thermokarst’ that can propagate 
incision signals upslope, supplying the river with a pulse of nutrient-rich sediment 
[Fortier et al., 2007].   

When thaw occurs on hillslopes perched above some lower datum (e.g. 
above a high bluff bordering a river or lake), the gradient is sufficiently high to 
rapidly transport all the thawed material, exposing more frozen ground and 
allowing the thermal erosion feature to propagate headward. These 
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‘retrogressive thaw slumps’ often grow into mega-slumps, noted as the largest 
thermal erosion features with near-vertical headwalls up to 25 meters tall and 
aerial extents in excess of 40 ha [Kokelj et al., 2013].  These features produce so 
much sediment they have the capacity to dam rivers and modify aquatic and 
terrestrial ecosystems for many decades [Kokelj and Jorgenson, 2013]. Diffused 
scars of ancient thaw slumps and other features can often be identified in aerial 
imagery as well as LiDAR data. 

The sensitivity of both detachment limited and transport limited hillslope 
processes to climate warming make periglacial landscapes make them 
considerably more sensitive than those in temperate regions where temperature 
is less influential on material strength [Goodfellow and Boelhouwers, 2013]. In 
high altitude or high latitude regions, new investigations have already begun that 
focus on mitigating hazards due to increased rockfall, toppling or rock avalanche 
[Gruber and Haeberli, 2007]. These activates are particularly focused in regions 
where there are human or material resources concentrated including mountain 
roads or villages. Beyond direct influences on human infrastructure, periglacial 
hillslope stability also exerts a significant on downstream fluvial environments. 
S3.3.1.2. Fluvial Processes 
 Periglacial rivers share many of the same sensitivities to changing climate 
as those in lower latitudes (see supplement B), but cold region peculiarities such 
as bed/bank permafrost and highly erosive river ice deserve separate discussion 
here. Though many investigations of periglacial river process and form treat 
modern rivers as analogs to improve our understanding of Quaternary fluvial 
deposits [e.g. Vandenberghe, 2002; Vandenberghe and Woo, 2002], other recent 
studies have examine the potential geomorphic responses of northern rivers to 
both the aforementioned increasing hillslope instability as well as changes in 
meteorological drives such as temperature and precipitation. In this subsection 
we address how climate-driven changes in the fluxes to and through periglacial 
rivers are expected to alter channel form. 

Recent studies utilize relatively short duration stream gauging records 
(<50 years) to demonstrate increases in mean annual discharge and hydrologic 
variability [e.g. McClelland et al., 2006; Déry et al., 2009]. Most focus on larger 
rivers where gauging stations have a higher probability of sustained funding. 
Though not consistent across all drainages, the greatest increases in discharge 
are observed during winter months. As active layer thickness and groundwater 
connectivity increases, the high runoff ratios (70-80%) and rapid storm response 
times often observed in arctic rivers may begin to decline [Ashmore and Church, 
2001].   

Changes in the timing and magnitude of water fluxes have the potential to 
alter channel type, though it is debated whether these adjustments will be 
pervasive or local [Anisimov et al., 2008; Woo, 2012]. The sensitivity of bed and 
bank erosion to changing climate is also highly uncertain as there competing 
erosion mechanisms are temperature sensitive. Periglacial river erosion is 
governed by two competing actors: (1) the energetic capacity of the river to do 
work on the banks and (2) the seasonal variation in bank cohesion due to 
permafrost.   
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For example, though most arctic rivers experience their highest 
discharges and transport highly erosive blocks of ice during the spring freshet 
[Beltaos and Prowse, 2001; Prowse and Beltaos, 2002], at that time their banks 
are firmly frozen and exhibit much higher cohesion than later in the summer. 
Similarly, in the late summer when banks are deeply thawed and less cohesive, 
discharges are typically steady and close to base flow. Other erosion 
mechanisms are more incremental and do not depend on events. Where banks 
have high ice content or fine grain size, permafrost can be undercut by thermal 
niching, leading to cantilever collapse [e.g. Costard et al., 2003; 2007; 
Randriamazaoro et al., 2007]. If the top of the collapsed block was mantled with 
vegetation, this material often drapes over the bank, armoring against further 
erosion.   

In low drainage area reaches, bed-fast ice develops during the winter 
while larger, downstream reaches maintain flow through the winter. During the 
spring freshet, melt waters typically flow over the top of the bed-fast ice and do 
little erosion. Further downstream, where the bed is exposed, the channel is 
modified by high flow events. This downstream variation in channel erodability 
during high flow events has been observed to result in a step change in channel 
form [McNamara and Kane, 2009; McNamara, 2012]. With changing climate the 
position of the downstream extent of bedfast ice is likely to change, resulting in 
channel adjustment.  These channel adjustments coupled with increasing 
hillslope instability lead some to anticipate increased sediment fluxes from fluvial 
systems [Syvitski, 2002; Gordeev, 2008], prompting the need for more careful 
evaluation of how we quantify these fluxes [Orwin et al., 2010; Beylich et al., 
2011]. 
 Channel form is also anticipated to respond to changes in sediment 
delivery from hillslopes.  As discussed above, anticipated increases in mass 
wasting processes will lead to impulse deliveries of fine and coarse sediment to 
fluvial and lacustrine systems.  Fluvial impacts of hillslope instability have already 
been documented for active layer detachments [Lamoureux and Lafrenière, 
2009], retrogressive thaw slumps [Kokelj et al., 2013] and gully thermokarst 
features [Bowden et al., 2008]. The impact of upstream sources extends beyond 
clastic contributions to also include the impact of nutrient loading on aquatic 
ecosystems and biogeochemical cycling [MacLean et al., 1999; Bowden et al., 
2008; Frey and McClelland, 2009; Koklej et al., 2009; McClelland et al., 2014]. In 
very recent work, arctic rivers have begun to be evaluated as important sources 
of CO2 and CH3 [Crawford et al., 2013; Campeau et al., 2014; Crawford et al., 
2014], which are responsive to nutrient inputs from hillslope and bank erosion. 
Though northern landscapes are considerably less densely populated than 
temperate regions, many settlements are directly adjacent to rivers. Future 
modifications to channel form and function pose a significant threat to those that 
depend on the river for transportation, water resources and subsistence foods 
[White et al., 2007a, 2007b; Alessa et al., 2008; Ford and Pearce, 2010]. 
S3.3.1.3. Lowland Processes 
 The presence of permafrost and ground ice strongly control the 
distribution and movement of surface waters in arctic regions [White et al., 2007]. 
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Permafrost and ice effectively act as impermeable layers restricting infiltration of 
water into the subsurface resulting in extensive wetlands and abundant lakes 
across northern high latitude regions [Grosse et al., 2012]. Thawing of permafrost 
and melting of ground ice has the potential to change the distribution of surface 
waters by creating new drainage pathways for surface water and by creating new 
hydrological connections between the surface and subsurface [White et al., 
2007]. Due to their potential sensitivity to changes in permafrost resulting from a 
warming climate and the ability to monitor changes with remotely sensed data, 
lakes in permafrost regions have received more attention in the last decade than 
perhaps any other high latitude land surface feature. Pan Arctic and regional 
studies have documented both shrinking and drainage of lakes, as well as, lake 
expansion in the latter half of the 20th and first decade of the 21st century 
[Anderson et al., 2013; Labrecque et al., 2009; MacDonald et al., 2012; Marsh et 
al., 2009; Riordan et al., 2006; Roach et al., 2011; Roach et al., 2013; Rover et 
al., 2012; Smith et al., 2005].  

Initial remotely sensed surveys of arctic lake change suggested that lake 
shrinkage and loss was associated with permafrost loss in regions of 
discontinuous permafrost, and lake expansion was more common in regions of 
continuous permafrost [Riordan et al., 2006; Smith et al., 2005]. Recent work 
examining both inter-annual and inter-seasonal changes in lake areas and 
patterns of change suggest that the timing, patterns and causes of observed lake 
changes may be more complicated than simply a response to permafrost loss. 
Other factors such as hydro-climatology, subsurface lithology, and proximity to 
streams and rivers all are observed to influence both the trends and spatial 
patterns of lake area changes in regions of permafrost [Chen et al., 2012, 2013; 
Jepsen et al., 2013; Roach et al., 2011; Roach et al., 2013; Rover et al., 2012].  

Lake drainage due to loss of permafrost may occur by either lateral 
drainage or by interval drainage [Jones et al., 2011]. Internal drainage occurs 
when permafrost underlying a lake completely thaws, removing the aquiclude 
that maintained a perched water body above the regional groundwater. This type 
of lake drainage is limited to regions of thin, warm, often discontinuous, 
permafrost [Yoshikawa and Hinzman, 2003]. Despite recent coupled thermal, 
hydrological modeling studies that suggest that in regions of thin permafrost lake 
drainage is possible over historical time periods [Rowland et al., 2011; Wellman 
et al., 2013] documentation of subsurface changes have been limited to few field 
areas [Yoshikawa and Hinzman, 2003]. Recent regional geophysical studies of 
the Yukon Flats region in central Alaska have offered one of the first large-scale 
assessment of the presence of absence of permafrost beneath lakes and the 
results suggest that local sub-lake lithologies have a greater control on lake 
hydrology than does the occurrence of sub-lake talik (permafrost free zones) 
[Jepsen et al., 2013]. 

Lateral drainage of lakes, in contrast, is well documented across large 
regions of Arctic [Hinkel et al., 2007; Jones et al., 2011]. Lateral drainage occurs 
when a breach of the lake margin allows for the drainage of water out of the 
basin. These breaches may result from new drainage channels from lakes 
overtopping their margins, and/or breaches of the lake shoreline from thermal 
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and mechanical erosion of surrounding landscape by headward erosion of new 
channels, migration of existing channels, coastal erosion, or by lake margin 
expansion across a topographic break in the surrounding landscape [Hinkel et 
al., 2007; Jones et al., 2011 and references therein; Marsh and Neumann, 2001].  

Due to the importance of lake drainage to local hydrological and energy 
balance, natural resources, and carbon cycle dynamics prediction of lake 
dynamics represents a critical landsurface process need for understanding the 
response of permafrost regions to climate change. Several numerical modeling 
efforts have examined coupled thermal and erosional controls on lake drainage 
and/or lake expansion. Marsh and Neumann [2001] applied a model developed 
for glacial lake drainage to examine the rate and time of lake outflow in response 
to the thaw of ice wedges intersecting a drained lake in the Canadian Arctic. To 
examine the rates and control of lake expansion due to the thawing of permafrost 
and loss of ground ice, West and Plug [2008] and Plug and West [2009] 
developed and applied numerical models that examined the coupled interaction 
of thawing of permafrost, lake deepening by ice loss, and shoreline collapse by 
thawing and undercutting. To capture the effect of shoreline expansion, Plug and 
West [2009] used a slope-dependent failure criteria to predict bank failure and 
sediment redistribution within the lake. At a regional scale, van Huissteden et al. 
[2011] modeled both lake expansion due to loss of ground ice and lake loss due 
to interactions with river and stream channels. The model was initialized based 
on present day maps of ground ice content and river networks and forced by 
future projections of climate warming. 

In addition to changes in lake areas, warming and loss of ground ice has 
been observed to have a significant impact on regions of ice wedge polygons 
[Jorgenson et al., 2006]. Ice wedge polygons form due to freezing of water in 
thermal contraction cracks within permafrost are a prevalent feature across 
permafrost regions [Fortier and Allard, 2004; Lachenbruch, 1962; Mackay, 1990]. 
Topographic and hydrological feedbacks in response to melting of the ice 
wedges that define polygonal terrain leads to significant landsurface change in 
response to warming and land disturbance. As ice wedges degrade due to 
melting, additional surface water and snow cover accumulate within polygonal 
troughs overlying the wedges locally increasing subsurface warming [French, 
2007]. This feedback can cause both local thermokarst development and lead to 
the development new drainage pathways if connected section of a polygon 
network degrade and capture surface water runoff [Fortier et al., 2007; Godin et 
al., 2012].  

At a regional scale, the degradation of ice wedges and ground subsidence 
due to thermokarst processes may significantly impact infrastructure, alter 
regional energy balances, and lead to the release of frozen organic carbon 
stores. Prediction efforts have aimed at both quantifying susceptibility of regions 
to thermokarst change and the impact of ice wedge degradation on local 
hydrology and topography. Using global datasets of ground ice content and soil 
properties Nelson et al. [2001] produced regional susceptibility maps of ground 
subsidence based on general circulation model (GCM) outputs of future climatic 
conditions. To quantify the influence of ice-wedge networks on the flow and 
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distribution of surface waters, Liljedahl et al. [2012] compared surface water 
dynamics across both high and low-centered ice-wedge polygonal networks 
providing insights of potential drainage evolution in response to warming. 
Detailed modeling of the topographic response to the loss of ground ice will 
require coupled thermal hydrological modeling combined with geomechanical 
capabilities. At present, no single numerical model has the scope to simulate 
these conditions. Coupled thermal and pore-elastic responses due to evolving 
subsurface hydrological properties was investigated by Lewis et al. [2012]. This 
modeling highlighted that heterogeneities in subsurface properties may lead to 
rapid ground surface deformation even in the presence of uniform and steady 
warming. 
S3.3.1.4. Coastal Processes 

Studies of the Northern Alaskan coastal indicate that the loss of land to 
the sea has increased by a factor of two or more from the middle of the 20th 
century to the first decade of the 21th century [Jones et al., 2009; Mars and 
Houseknecht, 2007]. Jones et al. [2009] attributed this increase in erosion to 
increases in storm power, open water fetch and declining sea ice extents, 
warming sea surface temperatures, and sea-level rise. In order to evaluate the 
relative significance of these and other drivers Barnhart et al. [2014] compared 
results from a numerical model against time lapse observations from the Beaufort 
Sea coast, finding water temperature and nearshore wavefield to be most 
influential. As with river erosion, coastal erosion in permafrost setting is 
controlled both by mechanical and thermal dynamics. Erosion is driven by wave 
action attacking the coastal line, but the rates and patterns of erosion are 
strongly controlled by the presence of permafrost and ground ice [Jones et al., 
2009; Lantuit and Pollard, 2008].  To accurately predict Arctic coastal responses 
to future climate change models will need to be able to couple oceanographic 
changes, such as sea-level rise, increased storms, changes in open water 
duration due to loss of sea-ice, and changes in ocean temperature [Barnhart et 
al., 2014], with land surface changes that affect permafrost thaw, melting of 
massive ground ice and thermal erosion responses to coastline retreat [Lantuit 
and Pollard, 2008; Rachold et al., 2005]. 
S3.3.2. Synopsis of available assessments and tools that can be used to 
make assessments  

Assessments of change in the periglacial environment involve both field 
observations and measurements using remote sensing. These observations are 
often coupled to numerical models that extrapolate observations over longer 
spatial and temporal scales. Though there are few organizations focused on 
topographic adjustment of periglacial landscapes to changing climate, there are 
numerous networks of international scientists focused on hydrologic, 
biogeochemical and permafrost parameters. These networks typically pool 
resources to construct publicly available catalogs that consolidate and distribute 
the data of many participating investigators. 
 The SEDIBUD program, facilitated through the International Association of 
Geomorphologists (http://www.geomorph.org/wg/wgsb.html), focuses on 
understanding sediment budgets in cold environments.  Their efforts include both 

http://www.geomorph.org/wg/wgsb.html
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clastic and solute fluxes from key global test sites which are cataloged in 
databases. Efforts are expanding from data preservation/collection to physical 
and numerical modeling exercises as well.   
 The NSF supported Research Coordination Network for the Vulnerability 
of Permafrost Carbon (http://www.biology.ufl.edu/permafrostcarbon/) 
incorporates a wide variety of scientists focused on both physical changes in 
landscape form and associated impacts on carbon cycling within northern soils.  
This group is tightly coupled to members of the global climate modeling 
community who are incorporating permafrost thaw into their models to evaluate 
positive feedbacks between permafrost thaw and associated greenhouse gas 
production. 
 The Global Terrestrial Network for Permafrost (GTN-P) is an umbrella 
organization (http://www.gtnp.org/) that supports the activities of both the 
Circumpolar Active Layer Monitoring (CALM) network, the network for Permafrost 
and Climate Change in Europe (PACE) and the Canadian Permafrost Monitoring 
Network.  These groups are primarily focused on the collection and distribution of 
data from a wide variety of sites that monitor local meteorology, shallow active 
layer characteristics as well as deep borehole temperatures.  Observations are 
sourced from both high latitude and high altitude sites. 

 
Text S4. Aeolian processes 
S4.1. Process relationships and our current understanding of the impacts 
of C&LUC 
S4.1.1. General discussion 
 Aeolian processes, involving erosion, transportation, and deposition of 
sand and dust (mineral particles < 50 µm in diameter) by the wind, occur in a 
variety of environments, including the coastal zone, semi-arid and arid regions 
(e.g., cold and hot deserts), and agricultural fields in many climates.  
 The response of aeolian sediment transport systems and landforms to 
climate and land use change is governed by the supply of sediment of a size 
suitable for transport by the wind, the existence of wind energy to erode and 
transport this material (erosivity or mobility), and the susceptibility of the surface 
to entrainment of material by wind (erodibility or sediment availability). The 
interactions between these variables in space and time determine the state of the 
aeolian system [Kocurek and Lancaster, 1999]. 
 On all timescales, sediment supply, availability, and mobility are 
determined in large part by regional and local climate and by vegetation cover.  
Most sediment transported by the wind has been eroded, transported, and 
deposited by other agents, most notably by fluvial and littoral processes.  There 
are thus close links between the fluvial domain, even in drylands, and sand and 
dust transport [Bullard, 2010] and between coastal sediment budgets and dune 
development [Hesp and Walker, 2013]. Sediment supply may be affected by 
variations in flood magnitude and frequency, river sediment load, lake and sea 
levels, and rates of bedrock weathering that affect sediment source areas.  For 
example the entrainment of soil particles by the wind may be limited by the 
supply of fine particles delivered to lowlands by fluvial processes. In such cases 

http://www.biology.ufl.edu/permafrostcarbon/
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there exists a positive correlation between antecedent precipitation and dust 
emission (e.g. Zender and Kwon [2005]), i.e. wetter conditions lead to more dust, 
not less [although protracted droughts also lead to more dust (e.g. Field et al. 
[2011]). In the coastal environment, the supply of sediment to the beach and 
ultimately to the dune depends on the behavior of the sub-aqueous nearshore 
bars that migrate landward and seaward in response to changes in wave forcing 
[Houser, 2009].  Specifically, the evolution of the nearshore and beach controls 
the availability of sediment for the development of shore-parallel dune ridges 
through changes in beach slope [Short and Hesp, 1982], fetch length [Bauer and 
Davidson-Arnott, 2003], surface lags [Nickling and McKenna Neuman, 1995], 
surface crusts [Nickling and Ecclestone, 1981] and variations in grain size 
[Bauer, 1991].     
 Sediment emplacement in the backshore by surf and swash can either 
occur between storms, when winds tend to be below the transport threshold, or 
through the landward migration of subtidal and intertidal bars during storms 
[Houser and Greenwood, 2005; 2007]. The dependency of coastal dunes on 
beach and nearshore evolution leads to annual and decadal variations in dune 
height and alongshore extent.   
 Sediment mobility (i.e. transport rate) is driven by the direct wind shear 
stress exerted on the surface; atmospheric turbulence intensity is also important 
in the long-distance transport of dust. The wind shear stress available at the 
sediment surface is dependent on the magnitude and frequency of wind speeds 
in the atmospheric boundary layer, which, in turn, are related to synoptic weather 
patterns and ultimately to climate (e.g. Warren et al. [2007]). 
 The mass flux of sand-sized material has been determined by numerous 
laboratory wind tunnel and field studies to be proportional to the cube of wind 
shear velocity above a threshold, which is in turn a function of sediment size, 
cohesion, and crusting [Sherman et al., 2013].  For any wind shear velocity, there 
is a potential rate of sand transport or transport capacity; this is reached only 
when the availability of sediment is unrestricted (e.g., most loose sand surfaces). 
 Very fine grains (silt and clay size) are inherently resistant to entrainment, 
yet are readily transported by the wind. The impact of saltating sand grains plays 
a critical role in the mobilization of silt- and clay-size particles.  Close relations 
exist between the horizontal flux of sand-size particles and the vertical flux of fine 
particles [Gillette et al., 1997].  Where there is a restricted supply of particles able 
to abrade soil clods or playa crusts, dust emissions are limited by the supply of 
particles, so that the vertical flux of dust is almost independent of wind shear 
velocity [Gillette and Chen, 2001] 
 Sediment availability is largely determined by vegetation cover and soil 
moisture and associated near-soil-surface relative humidity and is susceptible to 
disturbance and changes in land cover [Ravi et al., 2011]. The amount of cover 
associated with woody plants [trees or shrubs] as well as the associated amounts 
of ground cover have fundamental consequences for aeolian processes in 
semiarid systems, varying among grassland, shrubland, woodland and forest 
[Breshears et al., 2009] (Fig. S9). Likewise, vegetation is a key control on the 
development of coastal dunes, with the height and extent of dune development 
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and the morphology of the dunes dependent on the percent coverage of 
vegetation [Hesp, 2002].  The type of vegetation and the ability for it to develop 
dunes appears to depend on the frequency and magnitude of storm activity 
[Stallins and Parker, 2004]. As storm activity increases and dune erosion is more 
frequent there is a tendency for a change in vegetation towards that which 
promotes the growth of dunes.   The loss of vegetation in coastal environments 
leads to the development of blowouts that increase the vulnerability of the system 
to extreme storms, while the recovery of vegetation after a hurricane can take up 
to a decade [Hesp, 2002].   
 The existence of roughness elements such as vegetation plays an 
important role in the interaction of the wind with the surface through the 
partitioning of wind shear stress between the roughness elements and the 
intervening surface [Wolfe and Nickling, 1996]. Modest changes in plant cover 
can result in large, nonlinear changes in aerodynamic roughness (z0) 
[Marticorena et al., 2006] and shear stress partitioning [Gillies et al., 2007]. 
Empirical studies indicate an exponential decrease in sand flux with vegetation 
cover, with a threshold vegetation cover of 15-20% above which sand transport is 
minimal [Lancaster and Baas, 1998; Wiggs et al., 1995] ultimately leading to 
dune stabilization when the vegetation growth rate exceeds 0.5 of the rate of 
sand deposition [Barchyn and Hugenholtz, 2012; Reitz et al., 2010]. 
S4.1.2. Dune systems and climate variability 
 Understanding of the response of aeolian processes and landforms to 
climate and land use change on annual to decadal timescales has been based 
primarily on studies of the response of aeolian systems to modern, short-term 
climatic changes [such as El Niño events or extended regional droughts] in both 
arid environments [Lancaster, 1997] and along the coast [Ranasinghe et al., 
2004]. Observational data enables threshold conditions to be identified and well-
constrained process - response models to be developed from these scales of 
natural variability. Such responses can also be tested against records of climate 
change over the historic or pre-instrumental record (e.g. Little Ice Age, Medieval 
Warm Period) (Fig. S10). 
 Recent evidence suggests that transitions between erosional and 
accretional dune phases in coastal systems reflect decadal-scale changes in 
precipitation [e.g. Pluis, 1992], sea-level [Storms et al., 2002], sediment supply 
[Fitzgerald et al., 2000] and the frequency and magnitude of storm events [Orford 
et al., 1999]. In general, high winds, anthropogenic disturbance, and relatively 
low sediment supply and frequent storm events lead to an eroding coastline 
characterized by parabolic dunes and transgressive sand sheets and dunefields, 
whereas high winds and a large sediment supply lead to accreting shorelines and 
parallel dune ridges [Pye, 1990]. Many coastal dune systems in western Europe 
were constructed and/or reactivated during the Little Ice Age (LIA), in response to 
a combination of low sea level and strong winds [Clemmensen and Murray, 
2006; Klijn, 1990; Pye and Neal, 1993; Clemmensen et al., 2001; Wilson et al., 
2001, 2004; Clarke et al., 2002; Matthews and Briffa, 2005].  
 Dune systems in semiarid, desert margin areas appear to be particularly 
sensitive to climate change and variability. The conventional view of such dune 
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systems is that their formation or reactivation indicates periods of aridity [e.g. 
mega droughts] and therefore increases in aridity will result in enhanced 
sediment availability and/or mobility leading to increased dune activity [larger 
areas of mobile sand, increased rates of dune migration or extension]. Recent 
work however suggests that this is an oversimplification of the complex and often 
non-linear relationships that exist between desert dune activity and climate [e.g. 
Chase, 2009; Clarke and Rendell, 1998; Hugenholtz and Wolfe, 2005; Muhs and 
Holliday, 1995; Yizhaq et al., 2008], as discussed below. 
 The recent geologic record provides evidence for multiple OSL-dated 
periods of sand accumulation in currently vegetation-stabilized inland dune fields.  
In areas such as the Great Plains of the USA and Canada, these are associated 
with periods of extreme and persistent drought conditions (mega-droughts) 
[Halfen and Johnson, 2013; Forman et al., 2005], such as those that occurred 
during the Medieval Climate Anomaly, and the 16th and 17th centuries.    The 
linkages between periods of dune activity and drought are supported by studies 
of dune system response to observational records of drought.  Migration rates of 
barchans and parabolic dunes at Great Sand Dunes [Colorado] were up to six 
times higher in drought episodes [Palmer Drought Severity Index [PDSI] < -2 - 
equivalent to a reduction in summer and fall precipitation of 25%,] compared to 
intervening wetter periods [Marîn et al., 2005]. Changes in dune morphology may 
accompany changes in activity, with drought-induced reactivation of vegetated 
dunes forming barchans, which change to parabolic dunes as vegetation cover 
increases in subsequent wetter periods [Wolfe and Hugenholtz, 2009]. 
 Not all changes in inland dune activity are the product of vegetation 
change. Periods of dune formation may be related to increased sediment supply 
from fluvial sources as a result of more frequent flooding of ephemeral or 
seasonal rivers [Clarke and Rendell, 1998], or exposure of braided floodplains in 
periods of more variable discharge [Muhs and Holliday, 1995]. 
S4.1.3. Dust events and climate variability 
 Climate change and variability may affect dust storm frequency through 
changes in surface properties such as soil moisture, crusting and cohesion, or 
vegetation cover that affect the erodibility of the surface and the availability of 
fine grained materials for erosion and transport.   Similarly, changes in climate 
may give rise to changes in the magnitude and frequency of winds capable of 
eroding and transporting material (erosivity).  In many areas, it is difficult to 
precisely identify the causes of temporal changes in the frequency of dust 
events, because of complex interactions between land use, climate, and dust 
storm frequency. Observations indicate an overall control of variations in dust 
emission and transport by large-scale atmospheric circulation patterns  - such as 
the North Atlantic Oscillation [Engelstaedter and Washington, 2007; Moulin et al., 
1997]; ENSO cycles [Okin and Reheis, 2002] and the Pacific Decadal Oscillation 
[Goudie and Middleton, 2006].  
 The majority of the global dust loading is derived from natural surfaces, 
but the relative magnitude of contributions from natural (e.g. playas, distal fluvial 
environments), or anthropogenic (e.g. agricultural wind erosion) sources of dust 
is uncertain – estimates range between 40% and 10% [Prospero et al., 2002; 
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Tegen et al., 2004]. In all cases, dust sources are highly sensitive to variations in 
climate, but the nature of the response is dependent on the character of the 
source [Zender and Kwon, 2005]. In many areas, the inter-annual frequency of 
dust storms is inversely related to antecedent precipitation [Goudie and 
Middleton, 2006] although often in a complex, non-linear manner that reflects 
changes in soil moisture [Reynolds et al., 2007], vegetation cover [Munson et al., 
2011] and/or human disturbance and land use/land cover changes [Mulitza et al., 
2010; Wang et al., 2004]. 
 Land use and/or land cover changes may have positive or negative effects 
on dust emissions.  Changes in agricultural practices have resulted in reduced 
dust emissions from areas that were once major dust sources (e.g. Dust Bowl of 
the High Plains of the USA) [Zobeck et al., 2013]. Disturbance of surfaces by off 
road vehicles has increased dust emissions from previously stable desert 
pavement surfaces and vegetated inland and coastal dunes in many areas [e.g. 
Belnap et al., 2007].  Changes in the hydrology of playas and terminal lake 
basins as a result of water diversion for agriculture or urban water supply has 
promoted major dust emissions from lake sediments (e.g. Aral Sea, Owens Lake, 
California) [Goudie and Middleton, 2006]. 
S4.1.4. Models for aeolian system response to climate change 
 Modeling of the response of dust transport systems to climate change 
involves incorporation of mineral aerosol (dust) source and deposition algorithms 
[Zender et al., 2003] into coupled land-atmosphere-ocean-sea ice global climate 
models [Mahowald et al., 2006]. In this approach, parameterization of a source 
strength algorithm incorporates information on soil texture and moisture, 
roughness length, and vegetation cover (see Fig. S2). Changes in dust 
emissions and therefore the dust loading of the atmosphere also affect radiative 
transfer models, with consequent effects on regional and global climate. The 
models can be run for present conditions, and for a variety of past and future 
climate scenarios. Model verification is accomplished by comparing modeled 
rates of dust deposition with terrestrial and marine sediment records [Kohfeld and 
Harrison, 2001]. Comparison of modeled dust loading in the atmosphere for the 
last glacial maximum, pre-industrial, modern, and doubled CO2 climates indicates 
that dust production mainly responds to changes in the vegetation cover of 
source areas, rather than to changes in wind strength or soil moisture [Mahowald 
et al., 2006]. 
 Several approaches to dune system response to climate and land use 
change. Landscape response models employ cellular automaton approaches to 
model changes in dune morphology and dynamics in relation to climate 
perturbations [Baas and Nield, 2007]. The modeled behavior closely resembles 
empirical data for dune areas subject to stabilization by vegetation and helps to 
identify evolutionary trends, thresholds, and relaxation periods. The landscape 
response is sensitive to both the nature of the perturbation (increasing or 
decreasing winds, and/or vegetation cover) and the initial state of the system. 
Such models permit the evaluation of alternate states based on different rates of 
vegetation growth, sand supply, and antecedent dune morphology [Barchyn and 
Hugenholtz, 2012; Nield and Baas, 2008].  
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 Models for the relationship between dune mobility (more correctly sand 
mobility) and climatic variables are based on the principle that sand mobility is 
proportional to the wind speed above threshold and inversely proportional to 
effective precipitation, which determines soil moisture and vegetation cover 
[Lancaster, 1988]. Values of the index compare well to the observed state of 
dune systems [e.g. Muhs and Maat, 1993] and have also been verified 
empirically by comparison to long term monitoring of sand flux and climatic 
parameters in the SW USA [Lancaster and Helm, 2000]. In recent years, 
modifications of the index have been made to facilitate use of GCM output data 
and calculation of monthly values, so improving its sensitivity in regions of highly 
seasonal climate [Thomas et al., 2005; Wang et al., 2009]. This approach can be 
used to predict dune system state in future climate scenarios.  For example, in 
the Kalahari region of southern Africa, the simulations all produce increasing 
levels of dunefield activity in the 21st century, including fully active dunes in 
some areas. Such widespread dune activity has not occurred in this area since 
the late Pleistocene, and would represent a major change in the Kalahari 
environment, with important effects on ecosystems and local livelihoods. 
 A somewhat similar approach to modeling the effects of climate change on 
dune systems was taken by Yizhaq et al. [2007; 2008]. Their approach 
emphasizes the non-linear and hysteretic nature of the interactions between wind 
strength, precipitation, and vegetation cover, plus the effects of anthropogenic 
disturbance. They demonstrate the bi-stable state of the dune system and show 
that this is dependent on the energy of the wind regime as measured by the drift 
potential or potential sand transport rate.  In places with very low wind energy, 
dunes have only one stable state, which is vegetated and fixed; at intermediate 
levels of wind energy, both active and stabilized dunes can co-exist; whereas 
active dunes are the stable state in areas of very high wind energy. Ashkenazy et 
al. [2011] used this approach to model dune system response to future climates 
in Africa and Australia, concluding that dunes in the Kalahari and Australia were 
likely to remain stable in 21st century climates because changes in potential 
sand transport and precipitation were insufficient to cause thresholds to be 
crossed. 
 A further approach has been to predict vegetation change based on a 
Markov model, where probabilities between stages of vegetation succession are 
predicted [Breshears et al., 2012].  In this approach, the transition probabilities 
are well grounded in detailed site history and are able to factor in the effects of 
disturbances such as surface fire, crown fire, and drought-induced tree mortality 
(also associated with bark beetle infestations). Empirical relations between 
vegetation type and horizontal sediment flux are estimated for each stage, and a 
simple constant ratio between horizontal and vertical dust flux is assumed. 
Although difficult to project with confidence, this approach can also evaluate the 
consequences of climate change, specifically warmer, drier conditions, via their 
direct effects on disturbance frequency and their secondary effects on sediment 
flux. 
S4.2. Knowledge Gaps and Next Steps 
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Gaps in knowledge and understanding of aeolian system behavior on a variety of 
temporal and spatial scales have been addressed recently by Ravi et al., [2011],  
Bullard [2010] and Okin et al. [2011]. Priority areas include, but are not limited to, 
the following: 
S4.2.1 Stabilizing role of vegetation 
 The instability of aeolian systems (desertification) is initiated by 
disturbances that limit the ability of vegetation and soil moisture to stabilize the 
surface to active sediment transport and lead to the development or reactivation 
of inland dunes and increased dust emissions. Shear stress partitioning by 
vegetation limits the ability of the wind to entrain and transport sediment, and 
only modest changes in vegetation can result in large, nonlinear changes in the 
sediment availability and dune reactivation. While dune fields in the central and 
northern Great Plains of North America are largely stabilized by vegetation today, 
periods of hydrological drought through the Holocene were responsible for 
transitions between active (mobile) and stabilized (vegetated) states.  A decrease 
in vegetation can be triggered by a reduction in soil moisture, grazing, fire, 
erosion, extreme winds or anthropogenic disturbance (e.g. overgrazing).  
Vegetation recovery is relatively slow leading to a lagged response in which dune 
stabilization may take decades to centuries, [e.g. Hugenholtz and Wolfe, 2005].  
To understand the potential for widespread dune reactivation requires further 
study of dune activity in response to drought through the Holocene, and small-
scale shear stress partitioning studies to quantify the relationships amongst 
vegetation cover and type (including differences between annual and perennial 
species, as well as the impact of invasive species), sand transport rates, and 
dust emissions. This ultimately depends on the development of robust models 
capable of predicting [re-] activation and stabilization of vegetated dune systems 
that incorporate climatic, biotic and geomorphic variables.  There is an additional 
need to test the above models against empirical datasets, such as time series of 
aerial photographs and satellite images, to assess changes in dune activity in 
relation to climate and land use changes. This in turn requires the compilation of 
aerial photographic/satellite image coverage of inland dune fields in 
environmentally sensitive areas [e.g. Great Plains, NE Arizona]. 
S4.2.2 Coastal Dune Recovery  
 As discussed in section S5.1.3.2, the height, volume, and alongshore 
extent of the foredune is a primary control on the response of barrier islands to 
the surge that accompanies hurricanes and tropical storms. In this respect, the 
ability of the foredune to recover following a storm determines whether a barrier 
island can maintain elevation as sea level rises and the island migrates 
landward. Foredune recovery requires that sediment stored in the nearshore is 
returned to the beachface through the landward migration and welding of the 
innermost bar and ultimately transported to the dune where it is trapped by the 
vegetation that is re-establishing following the storm. There is a paucity of field 
observations to describe the rate and mechanisms of dune recovery following 
storms to calibrate models capable of predicting dune development and barrier 
island evolution in response to climate and sea level change. There is a need to 
quantify the rate and mechanisms by which sediment is transferred amongst 



 
 

44 
 

nearshore, beach and dune during storms and during post-storm recovery to 
determine if a change in the frequency and/or magnitude of storms may result in 
a permanent change in island elevation. In large part this depends on the 
availability of high-resolution and frequent LiDAR data for the characterization of 
beach and dune interaction during storms and during post-storm recovery – see 
the USGS Center for LIDAR Information Coordination and Knowledge 
[http://lidar.cr.usgs.gov/]. This information can be used to drive models of coastal 
dune response to the independent and sometimes dependent impacts of 
changes in storm activity, sea level rise, coastal development, changes in 
sediment supply and vegetation type and cover.  
S4.2.3 Relationships between fluvial and aeolian processes 
 Although rates of water and wind erosion in natural and agricultural 
settings have received wide attention, comparison of rates and relationships 
between aeolian and fluvial processes are largely lacking, but have major 
implications for land management. [Field et al., 2009]. The nature of the 
interactions between fluvial and aeolian processes is spatially variable and scale 
dependent, with fluvial processes operating uni-directionally, tending to 
concentrate sediment with increasing scale, while aeolian processes have the 
opposite trend towards sediment dispersal [Field et al., 2009]. Land use 
intensification and climate change reinforce the need for a more holistic 
perspective of soil erosion resulting from aeolian and fluvial processes [Ravi et 
al., 2010]. There is a clear need for co-located measurement and monitoring of 
wind and water erosion to facilitate understanding of the relationships between 
processes at all scales, as well as to develop appropriate land management 
practices.  
S4.2.4 Dust Source Areas 
 Recent work is increasingly showing that sources of dust at a landscape 
scale are much more variable that previously with alluvial sources (distal alluvial 
fans, ephemeral washes and axial drainages) dominating over playas as dust 
sources on a range of timescales [Okin et al., 2011; Sweeney et al., 2013].  It is 
also hypothesized that dune fields may act as sources of dust [Crouvi et al., 
2012], leading to the possibility that currently vegetated sand dunes may become 
dust sources as a result of future climate change [Bhattachan et al., 2012].   
Multi-disciplinary research is needed to quantify the relative importance and 
temporal behavior of different sources of dust and sand, which may well vary 
from region to region, and from time to time.   
 It is also clear that dust sources vary considerably in strength on different 
spatial and temporal scales, as a result of changes in soil moisture, surface 
roughness, salts, and other forms of disturbance [Bullard et al., 2011].  
Characterization and mapping of dust source areas at different spatial and 
temporal scales (kilometer to meter scale) is needed to understand variability in 
dust emissions (potential and actual), and will require a variety of techniques, 
from remote sensing to detailed field studies, including relationships between 
time series of dust emissions and climatic and land use/land cover variables for 
major dust source areas [Parajuli et al., 2014]. 
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Text S5. Coastal processes 
S5.1. Process relationships and our current understanding of the impacts 
of C&LUC 
S5.1.1. Sea Level 
 Earth’s changing and variable climate controls the multiple atmospheric 
and oceanic processes that combine to shape coastal environments. Significant 
recent attention has been directed toward quantifying and projecting acceleration 
in the rate of global mean sea level rise [e.g., Church and White, 2006; Bindoff et 
al., 2007; Rahmstorf, 2010]. Sea level rise studies are characterized by 
uncertainties regarding the extent to which rates may increase over time; 
however, global sea levels are rising and are virtually certain to continue to do so 
throughout the 21st century and beyond [IPCC, 2007]. Vertical land motions, 
ocean and atmospheric circulations patterns, gravitational effects of retreating 
glaciers, among other processes, all contribute to local sea level rise histories 
and projections being different than the global mean.    

Redistribution of ice and water mass causes significant deviations in local 
relative sea level from global mean (or “eustatic”) sea level due to a process 
generally known as glacial–isostatic adjustment (GIA) [Mitrovica and Milne, 2003; 
Kendall et al., 2005]. Over the longest length-scales, changes in the distribution 
of ice across the continents alter the three-dimensional moment of inertia of 
Earth, causing true polar wander. This causes the equatorial bulge to migrate, 
causing significantly different amounts of relative sea level rise depending on 
whether a region moves towards the new equator (additional sea level rise) or 
away from it (less sea level rise). Over many thousands of years, flow in Earth's 
mantle converges on the isostatic depression left behind by the lost ice mass, 
making it no longer a zone of mass deficit, and adjusting surface elevations 
around the equatorial bulge. In addition, local deformation of the lithosphere and 
mantle in response to ice, water, or other loads provides a local deformational 
component of GIA. The third component of GIA is the gravitational response to 
changes in ice and water mass distributions. If, for example, an ice mass melts 
more rapidly than the mantle can refill the isostatic depression beneath it, the 
resulting local mass defecit will reduce the ability of the region to gravitationally 
attract water, causing lower-than-expected local relative sea level rise or even 
local relative sea level fall [Mitrovica et al., 2009; Gomez et al., 2010].     

Past global deglaciation left a strong imprint on modern local relative sea 
level change. During the last glacial maximum, 26.5 to ~19.5 ka [Clark et al., 
2009], global mean sea level was ~130 m lower than at present [Austermann et 
al., 2013]. Glaciers and ice sheets stored the water that accounted for this sea-
level fall. In general, areas of past ice retreat are rebounding upwards rapidly, 
and regions in the flexural upwarp that surrounded major ice sheets, the glacial 
forebulges, are sinking. In addition, the rise in global mean sea level re-loaded 
ocean basins and continental shelves with seawater, causing them to subside 
(Fig. S11). This global GIA signal causes some regions to experience enhanced 
sea-level rise, while others continue to experience sea-level fall even in extreme 
warming scenarios [e.g., IPCC, 2013]. 
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These GIA-driven changes in sea level are not limited to past deglaciation. 
Major changes in modern global ice distributions, possible with present-day 
global warming, can perturb the geoid through changes in both the gravity field 
and Earth rotation sufficiently to generate unique “fingerprints” of sea-level 
change [cf. Mitrovica et al., 2011]. For example, collapse of the West Antarctic 
Ice Sheet will cause enhanced sea level rise along the eastern seaboard of the 
United States, with significant implications for barrier island and beach stability 
and encouraging predictive modeling in barrier island response to a suite of sea-
level rise scenarios [e.g., Moore et al., 2010; Lorenzo Trueba and Ashton, 2014]. 
On the other hand, Greenland Ice Sheet collapse will lead to relative sea level fall 
grading into little sea level change across the North Atlantic, with enhanced sea 
level rise in the South Pacific that extends, in part, to Oceania.  

In addition to GIA effects, modern ocean density structure, modulated by 
ocean dynamics, also produces variability in the distribution and local rate of sea 
level rise. At present, the primary driver of this type of variability in global sea 
level change is temperature-driven thermal expansion [Cazenave and Llovel, 
2010], and the secondary but still very significant driver is changes in salinity, 
often due to changes in runoff and ice melt [Wunsch et al., 2007]. Lower salinity 
water and higher temperature water are both less dense, causing these areas to 
sustain a higher local relative sea level.  

Sea level sets the position of the shore, the interface between ocean and 
land and the zone in which coastal processes modify the Earth’s surface. 
Different scenarios of sea level rise that follow distinct climate change and/or ice 
mass loss possibilities result in very different patterns of sea level rise. These in 
turn affect coastal processes, such as deltaic morphodynamic change (Section 
S5.1.3), the stability of barrier beaches and islands (Section E.1.4.2) and coastal 
marsh evolution (Section S5.1.5). Therefore, future forecasts of geographically-
distributed coastal geomorphic change will strongly depend on predictions of 
global sea level change, including its spatial variability. 
S5.1.2. Storms 
 An important phenomenon that has been speculatively linked to [e.g., 
Graham and Diaz, 2001; Seymour, 2011], but not necessarily formally attributed 
to [e.g., Knutson et al., 2010], global climate change is increasing storm 
intensities and the heights of the waves they have generated.  Recent studies 
also suggest that both hurricane intensity and frequency will increase into the 
future as climate warms [e.g., Webster et al., 2010; Emmanuel, 2013]. An 
increase in North Atlantic wave heights was first documented by measurements 
off the southwest coast of England that began in the 1960s [Carter and Draper, 
1988; Bacon and Carter, 1991]. Wang et al. [2006] and Wang et al. [2009] 
suggest that the changes in the North Atlantic wave climates are associated with 
the mean position of the storm track shifting northward. More recently, Komar 
and Allan [2008] have identified an increase in the height of hurricane-generated 
waves in the western Atlantic since 1975, attributed to the increasing intensity of 
Atlantic basin hurricanes [Emmanuel, 2005]. Comparable increases have been 
found in the Northeast Pacific documented by measurements from a series of 
NOAA buoys along the U.S. and Canadian West Coast [Allan and Komar, 2000, 
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2006; Mendez et al., 2006, Menendez et al., 2008a; Ruggiero et al., 2010a; 
Seymour, 2011] and from satellite altimetry [Young et al., 2011]. Analyses by 
climatologists of North Pacific extra-tropical storms have concluded that their 
intensities (wind velocities and atmospheric pressures) have increased since the 
late 1940s [Graham and Diaz, 2001; Favre and Gershunov, 2006], implying that 
the trends of increasing wave heights perhaps began in the mid-20th century, 
earlier than could be documented with the direct measurements of the waves by 
buoys.  
 Studies relying solely on buoy measurements have, however, recently 
been called into question because of measurement hardware and analysis 
procedure concerns [Gemmrich et al., 2011]. Subsequent analysis that accounts 
for the modifications of the wave measurement hardware and inhomogeneities in 
the records reveals trends that are smaller than those obtained from the 
uncorrected data. The most significant of the inhomogeneities in the buoy 
records occurred prior to the mid-1980s. Menendez et al. [2008] analyzed 
extreme significant wave heights along the Eastern North Pacific using data sets 
from 26 buoys over the period 1985–2007, not including the more suspect data 
from earlier in the buoy records. Their work revealed significant positive long-
term trends in extreme heights off the West Coast between 30–45  north 
latitude. 
 Changes to patterns of climate variability, such as the frequency and 
magnitude of major El Niño events, may also significantly impact coastal 
geomorphology. Major El Niño events, which on the U.S. West Coast cause 
higher than average sea levels and changes in storminess patterns, will 
compound the impacts of sea level rise, resulting in severe episodes of coastal 
erosion and flooding, as experienced during the El Niño winters of 1982-83 and 
1997-98. Regional sea levels can be elevated as much as 30 cm (12 inches) for 
several months at a time during an El Niño event [Kaminsky et al., 1998].  At 
present it is not known whether ENSO intensity and frequency will increase 
under a changing climate. While some recent modeling efforts suggest that 
significant changes to ENSO are not necessarily detectable by 2100 for most 
scenarios  [2012] other work suggest that a doubling of major El Ninos is 
possible by the end of the 21st century [Cai et al., 2014]. 
S5.1.3. Deltas 
 River deltas, home to a large fraction of humans and commerce, form 
where rivers deliver sediment to the coast more rapidly than wave-driven 
alongshore sediment transport can spread it along the coast, and rapidly enough 
that local relative sea level rise cannot keep the growing pile of sediment 
submerged. Delta shapes, and how they change through time, result from 
interactions between a daunting number of processes, ranging from inland 
erosion to river avulsions to coastal wetland growth—and human actions as well 
as climate change at each step can affect the future of deltaic environments.  
 Sediment delivered by rivers interacts with coastal wetland processes (in 
which vegetation plays a key role in trapping sediment and building elevation for 
the landscape) to determine whether deltaic landscapes remain above water as 
sea level rise and subsidence of the delta terrain (from process including 
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sediment compaction and the human extraction of fluids) combine to lower delta 
elevations.  River dynamics—especially the changes to river beds and 
floodplains that lead to sudden changes in river-mouth location (avulsions)—
change the location of sediment delivery, and cause new delta lobes to sprout, 
while old ones erode away. However, this natural cyclicity, documented famously 
for the Mississippi River Delta, is interrupted by direct human actions on 
developed deltas. In the case of the Mississippi, the river’s course has been held 
fixed for a century and a half, both for navigation purposes and through flood-
control levees. The river’s course has now become so extended that the 
sediment delivered from the continent bypasses the delta for the most part, 
inhibiting the growth and maintenance of the delta. Such manipulations of river 
channels (and coastlines) are common on the world’s deltas today.  On heavily 
developed deltas flood control measures can lead to deltaic landscapes meters 
below sea level (as on the Mississippi and Po Deltas, for example).  In such 
cases, storm surge patterns, in turn, interact with deltaic landscapes and human 
edifices to determine the impacts on human development—which in turn 
determine how engineering practices evolve. 
S5.1.4. Open-ocean coastlines 
S5.1.4.1. Shoreline change  
 As in the case of deltas, changes in sediment supply can also affect steep, 
rocky coastlines. Many rocky coastlines feature stretches of sandy or gravely 
beach, often fronting eroding cliffs. The beach sediment comes from the steep 
rivers, as well as from cliff erosion itself, in proportions that depend on the cliff 
characteristics (height and composition—whether erosion produces sand and 
gravel or finer sediment) as well as the prevalence of coastal rivers. The Pacific 
Northwest coast of the United States represents a striking example where sand 
input from the Columbia River for millennia has produced expansive sandy 
shorelines, and even prograded barrier plains [Kaminsky et al., 2010]. However, 
dam construction on the Columbia River and tributaries have drastically reduced 
the rate of sediment delivery, potentially contributing to erosion and reorientation 
of sandy shorelines [Gelfenbaum et al., 1999]. Interestingly, the impacts of the 
dams have been subsumed by other anthropogenic manipulations, particularly 
the construction of jetties at the mouth of the Columbia river which dramatically 
modified local sediment supplies and induced system-wide morphological 
responses at decadal to century scale  [Kaminsky et al., 2010, Ruggiero et al., 
2010b]. Where beaches abut coastal cliffs (instead of forming barrier spits or 
plains), changes in sediment supply rates from coastal rivers can alter the widths 
of beaches (e.g., dams often lead to narrower beaches). Recent research 
indicates that the sensitivity of beach width to changing sediment delivery rates 
depends on cliff characteristics, because beach narrowing tends to increase the 
rate of cliff erosion, which releases sediment [e.g., Sunamura, 1976; 1982; 
Limber and Murray, 2011]. If the cliffs are tall and sand rich, a slight decrease in 
beach width can increase cliff sediment production sufficiently to offset losses 
from outside the coastal system (e.g., due to river dams). Human actions within 
the coastal system, such as armoring the base of a cliff to prevent erosion (and 
to protect development on the cliff top) can significantly alter beach width—and 
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therefore cliff erosion rates elsewhere along the shoreline. Models have recently 
been developed to address such interactions [e.g. Walkden et al., 2005; Dickson 
et al., 2007; Limber and Murray, 2011; Barkwith et al., 2014a;b].   
 On low-slope coastlines, such as the East Coast of the United States, 
rivers do not deliver sand or gravel directly to the open-ocean coastline (leaving it 
at the heads of long estuaries instead), so that shoreline erosion rates are not 
significantly affected by manipulations in terrestrial watersheds. Other changing 
influences, however, conspire to increase the rates of change in shoreline 
position. Sea level rise tends to induce cross-shore sediment transport, 
especially storm overwash (see section S5.1.4.2 below), potentially removing 
sediment from the beach and nearshore system, thereby producing shoreline 
erosion. Increasing rates of sea level rise tend to increase this component of 
erosion (which also affects cliffed coastlines, although less acutely because of 
their steeper slopes [e.g. Wolinsky and Murray, 2009]), and the models described 
in the next section provide a partial basis for forecasting shoreline change. 
However, in most locations the sea-level-rise component of shoreline erosion is 
overshadowed by losses or gains of sand from gradients in wave-driven 
alongshore sediment transport [e.g. Cowell et al., 1995; Moore et al., 2010]. On 
the scale of a few kilometers and greater, gradients in alongshore sediment flux 
can be related to coastline shape (especially curvature [Lazarus and Murray, 
2009; Lazarus et al., 2011]). We are developing the capability to model (and 
forecast) coastline evolution related to alongshore sediment transport gradients 
(as we are for the sea-level-rise related component of shoreline erosion; see 
section S5.1.4.2 below). For example, work with the Coastline Evolution Model 
(CEM; Ashton and Murray [2006a;b]) indicates that that coastline curvatures 
arise as part of emergent coastline structures, involving non-local wave 
shadowing effects. Various factors can influence coastline shape, including 
heterogeneities in the underlying geology [e.g. Lazarus and Murray, 2011], and 
patterns of wave propagation related to large scale coastline or seabed [e.g. List 
and Ashton, 2007] features. However, the ‘wave climate’, defined as the 
distribution of wave influences from different wave-approach directions, appears 
to be one of the main determinants of sandy coastline shape [e.g., Ashton and 
Murray, 2006a,b].  
 As storm behaviors shift, the wave climate shifts with it—tending to cause 
coastline shapes to change, as examples from the Carolina and Pacific 
Northwest Coastlines suggest [Slott et al., 2006; Moore et al., 2013; Ruggiero et 
al., 2010b]. Volumetric sediment transport rates are often formulated as nonlinear 
functions of wave height [Komar, 1998] and therefore small increases in wave 
heights can have significant impacts on transport rates, gradients in transport 
rates, and resulting morphological changes. Slott et al. [2006] found that 
moderate shifts in storminess patterns and the subsequent effect on directional 
wave climates could increase the rate at which shorelines recede or accrete to as 
much as several times the recent historical rate of shoreline change. On 
complex-shaped coastlines, including cuspate-cape (such as the Carolina 
coastline) and spit coastlines, they found that the alongshore variation in 
shoreline retreat rates could be an order of magnitude higher than the baseline 
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retreat rate expected from sea level rise alone over the coming century.  
Comparisons of historic and recent shoreline change patterns for the Carolina 
coastline reveal shifts in patterns of shoreline change that correspond to model 
predictions for an increasing asymmetry in coastline shape arising from an 
increasingly asymmetrical wave climate [Moore et al., 2013; Johnson et al., 
2014]. Working on a straight, sandy coastline just north of the Columbia River, 
Ruggiero et al. [2010b] applied a deterministic one-line shoreline change model 
in a quasi-probabilistic manner to test the effects of both wave climate and 
sediment supply variability on decadal-scale hindcasts and forecasts. While their 
modeling exercises indicated that shoreline change is most sensitive to changes 
in wave direction, the effect of an increasingly intense future wave climate was 
significant. A wave climatology incorporating increasing winter wave heights and 
periods resulted in as much as 100 m more erosion than a baseline prediction in 
which the wave climate remained stationary. Further, Ruggiero [2013] recently 
showed that since the early-1980s the increases in deep-water wave heights and 
periods have been more responsible for increasing the frequency of coastal 
erosion and flooding events along the Pacific Northwest outer coast than 
changes in sea level (Fig. S12). 
S5.1.4.2. Barrier islands and dunes 
 Barrier islands are low-lying landforms that are especially vulnerable to 
sea level rise and form 10-13% of the world’s coastlines [Cromwell, 1971; Stutz 
and Pilkey, 2011], with the majority in areas such as the Atlantic and Gulf coasts 
of the United States where there is a wide depositional shelf, a wide flat coastal 
plain and a large supply of sediment [Inman and Nordstrom, 1971; Glaeser, 
1978]. To a first approximation, the evolution of barrier islands depends on the 
balance between sediment supply and sea level. Depending on the sediment 
supply rate, a rise in sea level may result in landward migration (or transgression) 
of an entire island, the in-situ disintegration of an island in the absence of an 
adequate supply of sand or conversion of an island to a marine sand body 
through drowning. For an island to transgress and therefore to be maintained as 
a subaerial landform as sea level rises, it must eventually become sufficiently 
narrow and low for it to be overwashed during storms, as this is the process by 
which sediment is redistributed from the front to the back of an island, allowing it 
to move landward and remain above sea level. How an island responds to a 
storm (i.e., whether erosion is confined to the beach vs. dunes are eroded and 
overwash occurs vs. the island is inundated) is determined by the elevation of 
total water level during a storm (tide elevation + storm surge + wave runup) 
relative to the elevation of the island [e.g. Sallenger, 2000; Morton, 2002; Nott, 
2006; Houser et al., 2008b]. Much work has been done to suggest that over 
longer timescales dune (and therefore island) elevation can be dependent on the 
availability of sediment from alongshore and offshore sources [e.g. Hequette and 
Ruz, 1991; Psuty, 1992; Schwab et al., 2000; Hansom, 2001; Houser et al., 
2008a]. Some studies suggest that the ability of coastal dunes to recover 
following a storm--and therefore the morphological response to the next storm--
depends on the availability of sediment from overwash [Leatherman, 1976; 
Armon, 1980; Leatherman, 1979] and the beachface [Psuty, 1992]. Even if 
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sediment is available from these sources, foredune recovery is only initiated 
when vegetation is able to re-establish with sufficient density and coverage to 
promote sediment deposition [Hesp, 2002]. Recent work [e.g., Hacker et al., 
2012; Zarnetske et al., 2012; Ruggiero et al., 2011] indicates that although 
sediment supply is critical to dune recovery, species-specific biophysical 
feedbacks can occur between sand deposition, beach grass growth habit, and 
growth-habit-mediated sand capture efficiency, resulting in distinctly different 
dune morphologies in locations dominated by different grass species. Further, 
although earlier work suggests that sediment supply determines dune height, 
more recent work indicates that sediment supply instead determines how quickly 
foredunes recover whereas the width of plant zonation (i.e., the distance from the 
shoreline that vegetation grows, which is a function of the degree to which a 
beach is dissipative or reflective) determines the maximum height of coastal 
foredunes [Durán and Moore, 2013].   
 Without an influx of new sediment, the disintegration and drowning of a 
barrier island are irreversible and it is reasonable to expect that a permanent 
change in state can be initiated if the foredune is unable to recover in both height 
and extent between storm events [Moore et al., 2010; Timmons et al., 2010]. An 
increase in the frequency of storm events capable of breaching the foredune, or 
a grouping of large storm events, may also promote a change in vegetation that 
promotes the development of dunes with limited relief separated by washover 
channels and breaches that are reinforced with each storm [Wright et al., 1979; 
Morton, 2002; Gares and White, 2005; Stallins and Parker, 2003]. For example, 
Santa Rosa Island in northwest Florida suffered beach erosion and widespread 
washover and breaching during Hurricane Katrina in 2005 despite the storm 
making landfall along the border of Louisiana and Mississippi. The impact of this 
storm would have been relatively minor if the island had not been previously 
impacted by Hurricanes Ivan and Dennis in 2004 and 2005 respectively [Houser 
and Hamilton, 2009]. The dunes breached during Hurricane Ivan were still 
recovering from Hurricane Opal (1995) and had not achieved substantial height 
or extent [Stone et al., 2004]. Similarly, the impact of Hurricane Alicia on 
Galveston Island, Texas was magnified by the absence of a protective foredune 
that had been eroded three years earlier during Hurricane Allen and had not had 
sufficient time to recover [Morton and Paine, 1985]. Most vulnerable are the 
deltaic barrier islands in the Northern Gulf of Mexico, which only receive a limited 
supply of fine-grained sediments from unconsolidated muds of the now-drowned 
delta lobes leading to thin and vulnerable transgressive islands that were nearly 
destroyed by Hurricane Katrina. Consistent with these observations, Figure S13 
suggests that as the frequency and/or intensity of storms increases thereby 
decreasing the likelihood that dunes will have sufficient time to recover between 
storms, barrier islands become bistable, tending to exist in a high-elevation or 
low-elevation state, with the transition from high to low occurring rapidly.   
 In this respect, barrier island evolution is strongly dependent on the 
frequency of storm events [Stallins and Parker, 2003; Christiansen and 
Davidson-Arnott, 2004]. Storm activity is not stationary, but varies at seasonal 
and decadal timescales [Viles and Goudie, 2003], and has the potential to further 



 
 

52 
 

vary in response to changing climate (see section S5.1.2). A lower frequency of 
storm events allows for the potential (re)development of a tall, alongshore 
continuous dune that will more likely be scarped, rather than breached, during 
storm events.  Erosion of the backshore and breaching of the dune promotes the 
transport of sediment to the lee (or landward) slope of the dune, which allows the 
island to migrate landward in step with rising sea level [Bauer and Sherman, 
1999; Davidson-Arnott, 2005]. However, if an open-ocean shoreline is eroding, a 
lack of sediment delivery to the backbarrier by overwash (or inlet processes), 
potentially combined with backbarrier erosion, leads to island narrowing, which 
ultimately enhances the potential for washover and inlet formation during the 
eventual more significant storm [Timmons et al., 2010]. Whether through island 
narrowing due to erosion in the high-elevation state or through repeated 
overwash events as a result of conversion to the low-elevation state, islands that 
are low and narrow are well-situated to migrate landward in response to 
changing conditions (though likely at an undesirable pace from the perspective of 
investments in infrastructure)—landward migration is a pre-requisite for the 
continued existence of barrier islands under conditions of rising sea level and 
dwindling sediment supply.   
 The two-dimensional (cross-shore profile) model of barrier island response 
and recovery to storms and sea level rise is complicated by alongshore variations 
in dune height [e.g., Morton, 2002, Gares and White, 2005 and Stockdon et al., 
2007; Houser and Mathew, 2011; Houser, 2012] and island width [Morton, 2002]. 
In many cases, alongshore variations in the foredune are related to the geologic 
framework that leads to a bathymetric variation on the inner-shelf  [e.g., Riggs et 
al., 1995; McNinch, 2004, Schupp et al., 2006; Stockdon et al., 2007; Houser and 
Mathew, 2011; Houser, 2012] which can cause variations in beach widht.  Since 
beach width affects the availability of sediment to the foredune [Psuty, 1992; 
Bauer and Davidson-Arnott, 2003], it is reasonable to expect that variations in 
beach morphology and width are mirrored in the dune morphology leading to 
alongshore variations in island response and recovery to storms.   
 Modeling results also suggest that over longer time scales the slope of the 
landscape behind a barrier island controls the rate of island transgression 
[Wolinsky and Murray, 2009; Moore et al., 2010]. If the slope of the barrier island 
is steeper than that of the landscape behind, an island will tend to increase in 
volume (and decrease in average slope) as it migrates landward at a relatively 
slow rate. As the slope of the island approaches that of the substrate, the rate of 
landward migration of the island will increase. Thus, the response of barrier 
islands to sea level rise tends not to be constant, even if the sediment supply is 
balanced and sea-level rise rates are steady. Modeling results also indicate that 
the amount of sand in the underlying substrate is more important than the rate of 
sea level rise and the rate of alongshore sediment loss in determining how 
rapidly a barrier island will migrate landward in response to sea level rise [Moore 
et al., 2010] and whether or not it will survive increasing rates of sea level rise. 
Islands underlain by muddy substrates must migrate landward faster (relative to 
islands underlain by sandy substrates) in order to liberate sufficient sand from the 
substrate via erosion of the shoreface to maintain a position above sea level, with 
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the rate of migration being proportional to the percentage of sand in the 
substrate.             
 Human development, and management practices designed to defend 
coastal infrastructure change the frequency and magnitude of overwash events, 
therefore affecting the evolution of barrier islands as sea level rises. Even 
localized human manipulations—such as shoreline stabilization, through the 
repeated addition of beach sand (‘beach nourishment’) in one area—can, over 
the timescale of decades and longer, affect shoreline change rates for tens or 
even one hundred kilometers alongshore [e.g. Slott et al., 2010]. Localized 
stabilization using hard structures (sea walls or groynes, for example) has a 
similarly strong, long-range effect [Ells and Murray, 2012]; either form of 
stabilization can alter erosion (or accretion) rates at least as much as changing 
climate or sea level rise forcing can. Similarly, the construction of artificially high 
and continuous dunes to protect island development tends to lead to island 
narrowing (through a lack of overwash deposition), increasing the need for the 
relocation of infrastructure and a supply of sediment from outside the system 
[Magliocca et al., 2011]. Therefore, shoreline stabilization, which is a human 
reaction to shoreline change, significantly affects shoreline change, including 
erosion rates felt by communities on other parts of the same coastline—i.e. 
human decision making and coastline change have become inextricably coupled 
on developed coastlines [e.g., McNamara et al., 2010]. Some first steps have 
been taken to model the coupled human/landscape dynamics of this newly 
emerged type of system [e.g., Werner and McNamara, 2007; McNamara and 
Werner, 2008; Murray et al., 2013]. 
S5.1.5. Tidal landscapes 
 We use the term tidal landscapes here to indicate the collection of 
landforms located below the highest level attained by water in estuaries, lagoons, 
and deltas worldwide. Tidal landscapes comprise landforms which are found 
consistently across very different geographical regions: Marshes, tidal flats, and 
subtidal areas. Marshes are located above mean sea level, colonized by 
vegetation species adapted to hypoxic and hypersaline soil conditions, and exert 
a fundamental control on the soil accretion necessary to keep up with sea level 
rise. Tidal flats, or mud flats, are located below mean sea level, but above the 
lowest water level. They are thus mostly flooded and are colonized chiefly by 
microalgae and submerged vegetation. Subtidal platforms are permanently 
submerged expanses also hosting submerged vegetation and microalgae, which 
can exert an important control on bottom sediment erosion by stabilizing the 
sediment and by dissipating the energy of currents away from the bottom 
sediment. Tidal landforms are highly dynamic and are characterized by a 
continual reworking of the sediment, such that they are perennially transformed 
into one another as a result of complex interplays between their biotic and abiotic 
controls. These transformations are important both from a local environmental 
viewpoint, as they determine the possible continued survival of a tidal 
environment and of the associated ecosystems, and from a more global 
perspective. Marshes are, in fact, the biome characterized by the highest flux of 
carbon uptake from the atmosphere [McLeod et al., 2011], mainly because of the 
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hypoxic soil conditions, which determine very slow rate of organic carbon 
decomposition. (On the contrary, decomposition rates in a mature tropical forest 
are high, such that the net effect of carbon uptake and release is close to 
neutral.) Hence, the dynamics of marshes, and their possible conversion into 
other tidal landforms or into upland, are global importance, and a poorly 
understood process [Chmura et al., 2003].    
 Tidal landform dynamics are of course three-dimensional phenomena. 
However, they can be idealized and broken down into “vertical” and “horizontal” 
processes. The elevation of a landform within the tidal frame changes as the net 
result of accretion, subsidence, surface erosion, and sea level rise. Horizontally, 
landforms migrate because of lateral erosion, driven by waves and currents. The 
two sets of processes are of course linked (e.g. the sediment made available by 
lateral erosion can feed vertical accretion), but examining them separately can 
clarify their properties and drivers. 
 Vertical processes have traditionally received more attention, mostly 
because of concerns about increasing rates of sea level rise [Allen, 1990; Morris 
et al., 2002]. Observations and models have shown how landform elevation, z, is 
determined by the following processes: 1) sedimentation of suspended  inorganic 
sediment provided by riverine or marine inputs, or by the erosion of nearby 
landforms (Qs); 2) trapping of suspended inorganic sediment by vegetation 
canopy in marshes (Qt); 3) production of organic soil linked with below-ground 
production by marsh vegetation (Qo); 4) surface erosion due to waves (wind- or 
boat-generated) mediated by the presence of vegetation and by biofilms 
produced by microalgae (E); 5) subsidence due to natural sediment compaction 
and by fluid withdrawals from the subsurface (e.g. groundwater or oil extraction, 
S); 6) sea level rise associated with increasing global temperature as well as 
locally changing atmospheric/oceanic circulations (R). When the rate of change 
of elevation is equated to the net balance of the above factors, dz/dt = Qs + Qt + 
Qo – E – S – R, one can recognize that the right hand side of the equation can be 
expressed as a function of elevation, of biotic processes (influencing Qt, Qo, and 
E), and of external forcings (S, R, and wind, which drives erosion E). Under 
typical conditions biotic controls can also be expressed as a function of z, such 
that the elevation evolution equation can be cast in the form dz/dt = f(z; wind, 
subsidence, SLR), which can be analyzed through the methods of dynamical 
system theory to show that stable equilibrium states may exist for defined ranges 
of the forcings (Fig. S14) [Fagherazzi et al., 2006; Morris, 2006; Marani et al., 
2007]. This simplified formulation, as well as more detailed spatially-explicit 
representations [e.g. Kirwan and Murray, 2007; D’Alpaos et al., 2007], allow us to 
explore which factors are likely to affect the existence of the different tidal 
landforms, and which transformations we may expect to see in tidal 
environments worldwide in the next century [Marani et al., 2010; Da Lio et al., 
2013]. 
 Horizontally, we often witness diffuse marsh marginal erosion, due to wind 
and boat waves, which tends to increase the extent of tidal flats and subtidal 
areas [Mariotti and Fagherazzi, 2010; Marani et al., 2011]. Interestingly, there 
exists a positive feedback between erosion and wind fetch that causes a 
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runaway behavior: a longer fetch induces higher waves, and thus faster erosion, 
which, in turn, increases fetch, thereby further intensifying erosion [Mariotti and 
Fagherazzi, 2013].  
 On the basis of the above observational and modeling understanding we 
have a relatively defined picture of the current state and likely evolution trends of 
tidal landscapes for the next century. Marshes in tidal landscapes may have 
become quite extensive, as they were at the beginning of last century, only after 
the slowing down of sea level rise occurred in the middle of the Holocene. 
Marshes are, in fact, are unlikely to be able to keep up with the sea level rise 
rates in excess of 10 mm/yr which characterized the period 14-7 ka BP, even if 
large amounts of sediment is available. Marsh likely became very extensive only 
in the Anthropocene, when human activities, especially deforestation and 
agriculture, caused the delivery of large amounts of sediment to the coast 
[Kirwan et al., 2011]. Current rates of sediment delivery to the coast, drastically 
reduced due to widespread damming of the major rivers, anthropogenically 
increased rates of local subsidence in many areas, and increased rates of sea 
level rise have likely triggered widespread shifts from marsh-dominated tidal 
landscapes to lower-elevation configurations dominated by sub-tidal areas and 
tidal flats. In commonly sediment-starved tidal landscapes such transition is also 
enhanced by “horizontal” runaway erosive processes. 
 The controlling factors that will globally define tidal landscape dynamical 
trends in the next century will likely be the availability of sediment at the coast 
(which may be somewhat increased, in so-called developed countries, by 
increasingly frequent dam removal practices), the rate of sea level rise, and the 
fertilization effect operated by atmospheric CO2 [Langley et al., 2009]. Overall, 
the outlook for the next century is one in which tidal basins will be deeper and 
largely dominated by erosion processes. Marshes and, possibly, tidal flats, will 
not likely keep up with increased sea level rise rates, particularly in the second 
part of the century, with consequent losses of ecosystem diversity and carbon 
uptake capabilities. Significant uncertainty however exists in this picture as to 
whether marshes may be able to transgress landward, which will be determined 
by local topographic conditions as well as by policies adopted in the very dense 
and widespread coastal communities.  
S5.2. Knowledge gaps and next steps 
S5.2.1. Deltas  
 As discussed in section S5.1.3, developed deltas have become a new sort 
of system in which human dynamics, ecosystem changes, and physical 
processes are all inextricably coupled—yet we do not currently have the tools 
necessary to explore these couplings and the role they will play in the future 
evolution of the world’s deltas.  Global databases of sediment delivery from 
terrestrial watersheds—and how those delivery rates have been affected by land 
use and dam construction or removal—could be combined with coastline-
evolution modeling as a partial basis for forecasting changes to delta coastlines. 
To move forward in our ability to understand and forecast how “natural” and 
human-coupled deltas might evolve in the future also requires that we develop or 
improve models of several components of the system which are not yet well 
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represented in a computational framework, including fluvial and floodplain 
processes involved in avulsions, tidal current influences (these play a key role 
where tidal range is high), and the co-evolution of human decision making and 
changes to delta environments--perhaps using agent-based modeling, building 
on early work in this area [e.g., Werner and McNamara, 2007; McNamara and 
Werner, 2008]. Improving our understanding of the future evolution of deltas will 
also require that we couple existing and new models representing all of the 
important component processes (including fluvial and floodplain processes, 
coastline evolution, wetland development, delta progradation/transgression, 
subsidence, and storm surge, and human dynamics). Efforts are underway to 
both increase our understanding of components or specific interactions within 
delta systems (e.g. the NSF-funded Delta Dynamics Collaboratory), and to 
progressively couple to together component models that will provide use with the 
capability to holistically address the future of modern deltas (through the 
Community Surface Dynamics Modeling System, CSDMS).  
S5.2.2. Open-ocean coastlines 
 Although unequivocal evidence for climate-change driven shifts in storms 
or ENSO is not yet discernable in the observational record or in model 
projections, future conditions that include any substantial and sustained changes 
in storminess patterns would have significant implications for coastal change. If 
wave-climate changes increase in the future, coastal infrastructure will come 
under increased risk to damage and inundation, with impacted sectors including 
transportation and navigation, coastal engineering structures (seawalls, riprap, 
jetties etc.), flood control and prevention structures, water supply and 
waste/storm water systems, and recreation, travel and hospitality. At present we 
do not conclusively understand the climate controls on changing patterns of 
storminess (and therefore wave heights and directional distributions), and 
therefore have relatively low confidence in our ability to project future trends in 
coastal storm impacts. Given the importance of waves along coastlines for 
essentially all planning and design considerations, it is clear that more studies 
are needed to quantify these effects. 
 Although models exist for addressing components of shoreline erosion 
resulting from sea level rise and from gradients in alongshore transport, 
improvements to these models (e.g., potential inclusion of more realistic wave-
transformation sub-models than are currently employed in CEM) will further 
improve our understanding of how patterns of shoreline erosion will change in the 
future as wave climates shift. Perhaps more critically, better understanding how 
patterns of shoreline change can arise from interactions among disparate 
processes will require coupling different kinds of models, so that information may 
be exchanged between them.  For example, models which primarily address 
cross-shore processes and responses to sea level rise incorporate key 
information about local geologic variations and coastline geometry, and they 
require information about gradients in alongshore sediment flux, which they 
cannot generate. In turn, models addressing primarily plan view coastline change 
related to alongshore sediment fluxes would benefit from incorporation of the 
effects of alongshore variable geologic conditions and cross-shore geometry 
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generated by cross-shore models. In this way, a combination of cross-shore and 
alongshore-oriented models would allow us to provide a more reliable basis for 
forecasting shoreline change.      
 However, no combination of models that ignores human actions on sandy 
coastlines will be fully relevant for addressing change on developed coastlines. 
Human manipulations of coastal environments take many forms—from dredging 
or sand mining to maintaining tall dunes to combat storm damage—all of which 
affect the future state of coastal landscapes in multiple ways. Therefore, if we are 
to improve our ability to forecast future coastline evolution in the locations where 
it matters most to residents, tourists, and tax bases—arguably one of the most 
important goals we must move toward achieving—coastal physical and biological 
scientists must: 1) investigate the effects of a wider range of human actions 
within the landscape (including how development itself alters patterns of storm 
surge and sediment flux); and 2) work with social scientists to couple human 
dynamics to models of coastline change.  
S5.2.3. Couplings between tidal and barrier environments 

As described in sections S5.1.4.2 and S5.1.5, recent research addressing 
dynamics in tidal and barrier landscapes has revealed the importance of 
alternate states, and the potentials for rapid transitions from one state to another, 
even as forcing changes gradually. Pursuing this blossoming research focus will 
help us understand the complex dynamics within individual sub-environments 
(e.g. shallow bays, marshes, and barrier islands), and will lead to the 
development of models that are better suited for reliably forecasting possible 
responses to climate and land-use scenarios. However, the possibilities for 
sudden threshold crossings within individual sub-environments, combined with 
fundamental interactions between the sub-environments, means that to 
understand how shallow, low-slope coastal environments function holistically, we 
need to address couplings between bays, marshes, barriers, and the nearshore. 
For example, a shift in a bay from shallow and vegetated to deeper and 
unvegetated (e.g. in response to land-use changes) could lead to increased 
wave activity that erodes away otherwise stable marshes. And a shift from marsh 
to bay would drastically affect the state (and possibly the existence) of an 
adjacent barrier island. Understanding such linkages will require coupling 
disparate models of the different sub-environments, and conducing considerable 
coupled-model experimentation. Observations designed to test the individual 
models as well as the predictions of coupled-model experiments will need to go 
hand-in-hand with such efforts.  
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Figure S1. Relative subsidence hazard due to thawing permafrost under a “mid-
range” future CO2 emission scenario. Infrastructure shown in yellow, blue, and 
red. Figure reproduced from Nelson et al. [2001].  
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Figure S2. Changes in atmospheric dust loading from two models (ECHAM4 and 
HADCM3) under future climatic and land-use scenarios. Figure modified from 
Tegen et al. [2004].  
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Figure S3. Changes in ensemble mean annual precipitation for (a) total rain, (b) 
heavy rain, (c) intermediate rain, and (d) light rain. Figure reproduced from Lau et 
al. [2013].    
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Figure S4. At left: fraction of each grid cell predicted to be occupied by (a) 
cropland and (b) pasture (left panel) in 2100. At right: past and predicted future 
changes in land use type globally. Figure reproduced from Hurtt et al. [2011].  

 
Figure S5. Map of global landslide susceptibility under current climatic conditions. 
Figure reproduced from Kirschbaum et al. [2009]. 
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Figure S6.  (A) Shaded-relief map of the central Mojave Desert. (B) Color map of 
the model-predicted age of initiation of primary aggradation (i.e. unit Q3a of Bull, 
[1991]) where deposits of such ages are present. Reddish areas indicate 
Pleistocene-aged Q3a deposits while bluish areas indicate Holocene-aged (0-
11.7 ka cal BP) Q3a deposits (if Q3a deposits are present). Black areas are 
locations not downstream (based on flow pathways defined by the modern DEM) 
from areas that have undergone changes in Juniperus cover during the latest 
Pleistocene to Holocene. Figure reproduced from Pelletier [2014]. 
 

 
Figure S7. Hypothetical process decomposition of neoparaglacial response for a 
basin or region. Illustrates a conceptual framework for considering interactions 
between alpine periglacial processes and their response to contemporary 
deglaciation over different timescales. 
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Figure S8. GLIMS outlines (magenta) and WGI glaciers (cyan). Figure generated 
from http://glims.colorado.edu/cgi-bin/mapserv 
 

 
Figure S9. Rates of aeolian sediment transport (in g m-2 d-1), based on multi-
month measurements, as related to woody canopy cover along the grassland-
forest continuum for relatively undisturbed sites (open symbols) and disturbed 
sites (closed symbols). A forest site that was thinned (diamonds) is shown at pre- 
(closed) and post (open with inset x) thinning values for canopy cover. Figure 
reproduced from Breshears et al. [2009].  

http://glims.colorado.edu/cgi-bin/mapserv
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Figure S10. Schematic diagram of the linkages among fluvial and aeolian 
systems. Figure adapted from Hugenholz and Wolfe [2005].  
 

 
Figure S11. Modern local relative sea level changes due to glacial isostatic 
adjustment, modeled (from Kendall et al. [2005]) following a modified version of 
the ICE-5G past ice sheet reconstruction and the VM2 spherically-symmetric ice 
sheet solid Earth rheology model [Peltier, 2004].  
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Figure S12. Alongshore variability of rate of change of wave runup [computed 
using wave data from NDBC Buoys 46005 and 46002 and a foreshore beach 
slope of 0.05] versus RSLR for the Oregon coast; assessments of changes in 
RSLs are based on tide-gauge records compared with benchmark and GPS 
measurements of land-elevation changes (after Burgette et al. [2009], with their 
corresponding RSL rates obtained by adding 2.28 mm/year as an estimate of the 
regional PNW rise in sea level).  
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Figure S13. Illustration of model results demonstrating bistability of island 
elevation. Evolution of the rescaled dune elevation H/HM under a series of high-
water events (HWEs) with period THWE = γ Tv for (a) γ = 0.9, (b) 2, and (c) and 3. 𝛾 
is the vulnerability index and Tv is the vegetation recovery time. Symbols 
represent rescaled total water level R/HM. Red symbols denote extreme events 
(i.e. those leading to overwash). Elevations above 0.8HM (‘high’ state) and below 
0.2HM (‘low’ state) are highlighted in blue and yellow, respectively. (d) Onset of 
bistability calculated from model runs for different parameters (triangles). 
Squares represent the particular cases shown in (a-c). Solid line: predicted 
bistability onset represented by the condition THWE = Tv (𝛾=1). (e) Equilibrium 
states for island elevation and probability of dune recovery (green symbols) as 
function of 𝛾, for varying winds, rates of RSLR and vegetation sensitivities (see 
methods for range of parameter values used). Green line corresponds to the 
exponential fit 𝑎𝛾−1 (a=0.035) for the recovery probability (defined as the inverse 
of the average number of HWEs spent in the ‘low’ state). Blue and orange lines 
are the average values for the stable ‘high’ and ‘low’ equilibrium respectively, and 
the shadow area on either side of the line represents the data dispersion. The 
onset of bistability, which occurs when the probability of dune recovery 
decreases below 1 (dashed line), and the processes leading to a transition 
between alternative states (arrows) are shown for reference. In the snapshots of 
simulated ‘high’ and ‘low’ islands, dry-sand areas are yellow, vegetation is green 
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and intertidal areas (i.e. below MHWL) are blue. Arrows below the vulnerability-
index axis indicate factors that push a system to the right or left in the diagram, 
potentially shifting it from a regime featuring only the stable high state to a 
bistable regime, or to a regime with only the low state. Figure adapted from 
Durán Vinent and Moore [2015]. 
 

 
Figure S14. Exemplar of an equilibrium switch in a lagoon environment triggered 
by forcing changes. The Venice lagoon prior to the 20th century was rich in 
inorganic suspended sediment concentration, and was thus tending to a marsh-
dominated state (dashed line in panel A, marshes in green in upper image in 
panel B). The reduced sediment input and the construction of jetties at the inlets 
at the beginning of the 20th century dramatically increased sediment export to 
the sea and reduced available suspended sediment within the lagoon. As a 
result, the 20th century configuration sees the development of extensive sub-tidal 
areas corresponding to this newly available equilibrium state, now coexisting with 
the marsh state (solid line in a and lower panel in B. Figure reproduced from 
Marani et al. [2007]. 
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