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reduces groundwater levels leading to a decrease or 
cessation of deep-seated landslide movement (e.g., 
Coe, in press) or exceptionally heavy rainfall that 
generates shallow landslides (e.g., Sidle 2007).

Clearly, technical approaches that address the 
impact of climate change on landslide hazards have 
to address many complex variables. In this paper, 
we review the strengths and weaknesses of techni-
cal approaches that have been used to address the 
impact of climate change on landslide hazards. 
Our intent with this work is to provide a resource 
for landslide researchers interested in the climate 
change/landslide issue.

2 REVIEW OF TECHNICAL APPROACHES

We have identified fourteen technical approaches 
that have been used to address the impact of 
climate change on landslide hazards (Table 1). 
We divided the approaches into three categories: 
1) long-term monitoring of changes in climate 
variables such as rainfall rates and temperature, 
and the accompanying geomorphic response at 
study sites (see monitoring approach 1, Table 1); 
2) approaches to establish links between past cli-
mate and landslide occurrence (see retrospective 
approaches 2–9, Table 1); and 3) approaches to 
establish changes in landslide frequency or mag-
nitude in the future using established patterns of 
historical activity and climate projections (pro-
spective approaches 10–14, Table 1). Approaches 
in all three of these categories are at least partly 
reliant on an assumption of stationarity of cli-
mate if  they use historical observations or statis-
tically downscaled projections based on historical 
observations between global climate and regional 
climate. Stationarity (e.g., Milly et al., 2008) is the 
concept that natural systems (e.g., climate and 
landslides) fluctuate within an unchanging enve-
lope of variability (i.e., mean values are stationary 
through time). Climate change is projected to alter 
the extremes and means of temperature and pre-
cipitation beyond the range of historical variabil-
ity (e.g., IPCC 2007), which will eventually render 
the stationarity assumption invalid. Studies that 
use dynamical downscaling techniques, which use 
physical equations in numerical models to convert 
global climate patterns into regional/local projec-
tions, do not assume stationarity of climate.

Each of the approaches in Table 1 has strengths 
and weaknesses. Most of the strengths and weak-
nesses that we identified are related to input and 
output data, rather than to the methodology of 
the approaches themselves. An obvious strength of 
the monitoring approach is that it provides robust 
data that form a basis for interpretive models of 
slope processes ranging from melting of perma-
frost and rock weathering to massive slope failures. 

Results from approach 1 can potentially provide 
information to all landslide studies related to cli-
mate change. Unfortunately, the main problem 
with the monitoring approach is not scientific, but 
political. In the current era of budget tightening, 
financial support for long-term monitoring efforts 
is unusual, perhaps because long-term monitoring 
does not provide information that decision makers 
can act upon in the near term. Long-term moni-
toring efforts require lasting commitments from 
funding agencies and scientists.

Retrospective approaches rely on historical obser-
vations or Quaternary deposits and proxy climate 
records (approaches 2–9, Table 1). This reliance is 
both a strength and weakness. Empirical observa-
tions provide a sound basis for interpretation and 
conclusions. However, observations, deposits, and 
records are nearly always incomplete, therefore dis-
tinguishing among possible triggers and any climate 
influence, as well as reconstruction of the timing 
of landslides can be difficult. These issues become 
more prominent as past-time increases. Dating tech-
niques applicable to pre-historic landslides are gen-
erally of insufficient temporal accuracy (+/− 5 years 
at best, e.g., Lang et al., 1999) to correlate landslide 
occurrence with seasonal or annual precipitation, 
although approaches that use dendrochronology 
and varve dating (approaches 5 and 7, Table 1) 
can provide dates accurate to < 1 year. Pre-historic 
reconstructions of past climate rely on proxy 
records and tend to identify warm/dry periods from 
cool/wet periods, but are generally poor at isolating/
identifying the short-term extreme precipitation 
or temperature events that often trigger shallow 
slides, rockfalls, and debris flows (e.g., Schmidt & 
Dikau 2004).

Prospective approaches rely on relations between 
climate and landslides established from historical 
records, followed by the use of these relations with 
downscaled projections of air temperature and 
precipitation to predict future landslide activity 
(approaches 10–14, Table 1). Projected changes in 
air temperature are more consistent than projected 
changes in precipitation (e.g., Randall et al., 2007, 
Meehl et al., 2007). Unlike temperature, which 
is largely determined by insolation and the con-
figuration of oceans and continents, precipitation 
is strongly influenced by the vertical movement 
of air, which is dependent on multiple processes 
that are difficult to predict (Randall et al., 2007). 
Therefore, our opinion is that approaches that 
rely on projected air temperatures (approaches 10 
and 14) produce results with less uncertainty than 
approaches based on projections of precipitation 
(approaches 11–13). Approaches 10 and 14 have 
been used in coastal areas to assess the impact 
of rising sea level on coastal bluff  stability and in 
alpine- and high-latitude areas where melting of 
ice and permafrost is a major factor in the stability 
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Table 1. List of technical approaches used assess the impact of climate change on landslide hazards.

Approach Strengths Weaknesses Example*

1. Establish long-term study 
sites where impacts of 
climate change can be 
measured and observed

Provides observational data on 
changes in landslide response 
due to climate change.

Requires long-term commitment 
from funding agencies and 
patience of scientists involved. 
Many study sites are needed 
to assess impacts to broad 
geographic regions.

Jaedicke 
et al., 2008

2. Evaluate changes in sediment 
supply, debutressing of slopes, 
and/or hydrology in source 
areas to predict future activity

Results tend to provide binary 
answers, i.e., there will be 
an increase or decrease in 
sediment supply. Implications 
are that future events will be 
transport limited or supply 
limited.

Inability to predict 
characteristics of specific 
triggering events.

Evans & 
Clague 
1994

3. Compare the impact of 
changes due to historical 
land-use and population 
growth to impacts from 
changes in historical climate

Provides defensible results on 
the relative influence that 
climate, population, and 
land use will have on slope 
stability.

Based exclusively on historical 
observations that may or may 
not apply to the future.

Petley 2010

4. Map and date fan 
sediments (related to 
wildfire and not related 
to wildfire)

Possible to identify temporal 
clusters of debris flows 
linked to warmer/drier 
(periods of drought) or 
cooler/wetter past climatic 
conditions.

Provides a minimum record of 
debris flow activity. Requires 
distinguishing debris flow from 
non-debris flow deposits, a proxy 
climate record, and capability to 
date deposits. Inability to date 
extreme, short-term climatic 
events with high accuracy.

Pierce & 
Meyer 
2008,
Matthews 
et al., 2009

5. Map and date pond 
and lake sediments 
related to landslides

Possible to identify temporal 
clusters of landslides. 
Dating of varves can 
provide ages accurate 
to ≤ 1 year.

Provides a minimum record of 
landslide activity. Requires 
distinguishing climatically 
induced landsides from 
landslides caused by other 
processes (e.g., earthquake and 
land-use activities), a proxy cli-
mate record, and capability to 
accurately date deposits. Inability 
to date extreme, short-term cli-
matic events with high accuracy.

Trauth et al., 
2000

6. Map and date landslides Possible to identify temporal 
clusters of landslides.

Provides a minimum record of 
landslide activity. Requires 
distinguishing climatically 
induced landsides from 
landslides caused by other 
processes (e.g., earthquake 
and land-use activities), a 
proxy climate record, and 
capability to accurately 
date deposits or scars. 
Inability to date extreme, 
short-term climatic events 
with high accuracy.

Soldati et al., 
2004

7. Analyze tree rings 
(dendrochronology) from 
hillslopes or fan surfaces 
(related to wildfire and not 
related to wildfire)

Possible to identify extreme 
climatic events and 
temporal clusters of 
debris flows.

Provides a minimum record of 
landslide activity; period of 
analysis is limited to 
lifetime of trees.

Bigio et al., 
2010, 
Stoffel & 
Beniston 
2006

8. Analyze long record of 
historical debris flows with 
respect to precipitation, 
snowmelt, and/or elevation.

Identifies changes in debris 
flow frequency and 
magnitude in period 
of record.

Ideally requires a long period of 
record (≥ 30 years) with rainfall 
and debris flow occurrence data.

Jomelli et al., 
2007

(Continued)
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Table 1. (Continued).

 9. Use proxy derived past 
climate data with hydrologic 
and slope stability models to 
predict past periods of slope 
instability.

Allows for scenario modeling; 
capability to incorporate 
historical landslide records.

Limited by large uncertainty in 
proxy climate data; analysis 
of general warm/dry, cool/
wet trends only; generally not 
possible to resolve short-term 
extreme events.

Schmidt & 
Dikau 
2004

10.  Analyze occurrence of 
recent high latitude or high 
altitude landslides with respect 
to temperature or elevation 
data, some authors also 
evaluate the occurrence of 
future triggering warm spells 
using downscaled General 
Circulation Model (GCM)/
Regional Climate Model 
(RCM) projections.

Results are based on air 
temperatures. Downscaled 
projections of air temperature 
are more consistent than 
projections of precipitation.

Temperature related triggers 
for rockfalls in historical 
inventories can be difficult to 
distinguish from other triggers 
(e.g., earthquakes, weathering 
and erosion). Temperature 
related triggering thresholds 
will probably have dynamic 
and/or limited temporal 
and spatial applicability as 
ice and permafrost degrade 
and disappear in a warming 
climate.

Huggel et al., 
2010

11.  Assess future shallow 
landslide or debris flow 
activity using downscaled 
results from GCMs/RCMs in 
combination with hydrologic, 
moisture balance, and/or slope 
stability models.

Hydrologic and slope stability 
models are capable of 
producing useful predictions 
given accurate downscaled 
projections. Allows for 
scenario modeling.

Results are highly dependent on 
the accuracy of the magnitude 
and frequency of short-term and 
extreme storms and storm tracks 
in downscaled climate projec-
tions. Projections of these storms 
currently contain a great deal of 
uncertainty.

Collison 
et al., 2000

12.  Assess future deep-seated 
landslide activity using 
downscaled results from 
GCMs/RCMs in combination 
with hydrologic, moisture 
balance, and/or slope stability 
models.

Hydrologic and slope stability 
models are capable of 
producing useful predictions 
given the incorporation 
of evapotranspiration 
and accurate downscaled 
projections. Allows for 
scenario modeling. Projections 
of seasonal and annual 
precipitation and temperature 
(which control deep-seated 
landslides) contain less 
uncertainty than projections 
of extreme storms.

Results are dependent on the 
accuracy of seasonal and 
annual precipitation in 
downscaled climate projections.

Dehn & 
Buma 
1999

13.  Assess future shallow 
landslide or debris flow 
frequency using downscaled 
results from GCMs/RCMs 
in combination with existing 
precipitation thresholds.

Precipitation thresholds have 
proven reliability as predictors 
of local landslide activity. 
Allows for scenario modeling.

Results are highly dependent on 
the accuracy of the magnitude 
and frequency of short-term and 
extreme storms in downscaled 
climate projections. Projections 
of these storms currently contain 
a great deal of uncertainty. 
Results are applicable to 
limited geographic areas where 
thresholds have been developed.

Jakob & 
Lambert 
2009

14.  Assess future coastal 
bluff  failures using wave 
height, sea level, and/or 
precipitation thresholds 
established from historical 
records in combination with 
projections of sea-level rise 
and precipitation.

Results are based partly on 
changes in sea level. 
Projections of changes 
in sea level contain less 
uncertainty than projections 
of precipitation. Allows for 
scenario modeling.

Results are dependent on the 
accuracy of long-term changes 
in temperature, precipitation, 
and sea level in climate 
projections.

Collins et al., 
2007

* Multiple references are available for most approaches. Because of page length limitations, we only list one representative 
reference for each approach. Exceptions to this statement are approaches 4 and 7, where we list two references, the first 
related to wildfire, and the second not related to wildfire.
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of slopes. Similarly, results from studies that focus 
on predicting deep-seated landslide activity trig-
gered by long-term precipitation appear to have 
less uncertainty than results from studies that 
predict shallow landslides and debris flows from 
short-term precipitation. This situation results 
from greater uncertainty in projections of short-
term precipitation that drives shallow landslide 
initiation. Projections of changes in seasonal and 
annual precipitation, which commonly control 
deep-seated landslides, are less uncertain than 
projections of short-term extreme precipitation 
(Randall et al., 2007).

3 CONCLUDING DISCUSSION

Our review of the technical approaches listed in 
Table 1 leads to us to pose two questions. First, 
what approaches are most effective for evaluating 
relations between landslide activity and climate 
change given our current understanding and avail-
able data? And second, in what geographic areas 
would results likely be of sufficient accuracy and 
specificity to be of use in assessing changes in 
landslide hazard?

Retrospective approaches that link pre-historic 
landslides to past climate variability will continue 
to be limited to general statements about tempo-
ral clusters of landslide occurrence. With good 
reason, many retrospective studies have focused 
on debris fans. Tributary fans that have not been 
eroded by mainstem rivers offer unique opportuni-
ties for climate change studies because they con-
tain complete depositional records of debris flow 
and flood events through time. What is needed 
for fan stratigraphy to have a greater impact in 
climate-change studies are improved techniques 
for sampling, mapping, and dating, and better 
models of how deposits are distributed on fan sur-
faces through time.

For the prospective approaches, limited spa-
tial and temporal resolution of precipitation 
projections will continue to hamper landslide 
assessments in the near future (e.g., Crozier 2010). 
In particular, there is inconsistency in downscaled 
predictions of changes in the magnitude and fre-
quency of extreme storms and weather systems 
(e.g., Mass et al., 2011) such as Atmospheric 
Rivers (Ralph & Dettinger 2011). These short-
term phenomena are often the trigger for shallow 
landslides and debris flows, therefore, character-
izing the impact of climate change on these types 
of landslides will remain difficult. The uncertainty 
of long-term (e.g., seasonal to annual) downscaled 
projections is less than for short-term extreme 
storm predictions, and estimates of changes in 
long-term precipitation and temperature patterns 
are readily available.

Given these constraints, approaches that use 
projections of seasonal or annual precipitation, or 
temperature values, would produce results with less 
uncertainty than approaches that rely on projec-
tions of short-term, extreme precipitation. Thus, 
studies to predict the impact of climate change on 
deep-seated landslide activity, and landslides in 
high altitude or latitude areas related to melting 
of glaciers and permafrost, will probably produce 
results most useful for landslide hazard assess-
ments in the near term.

In North America, annual precipitation is 
expected to increase in the north and decrease in 
the south (Fig. 1). The boundary between negative 
and positive changes in annual precipitation (i.e., 
the line of no change, or the zero line) is located in 
the United States (Fig. 1). Research into landslides 
in areas north of this line would be most likely to 
produce beneficial results in the near term. Pos-
sible approaches that would be applicable to this 
work are 9 and 12, with 14 being applicable along 
coastlines.

With increasing temperatures, a greater portion 
of total precipitation is expected to fall in extreme 
precipitation events (e.g., Karl et al., 2008). As the 
understanding of the magnitude and frequency of 
these events at specific locations advances, and the 
uncertainty in downscaled precipitation projections 
is reduced, our confidence in studies of changes in 
the hazard associated with shallow landslides and 
debris flows will increase.

Several efforts are necessary to prompt and facil-
itate landslide research related to climate change. 
First, continued development of climate mod-
els and downscaling techniques should improve 
projections of the magnitude and frequency of 
extreme precipitation events. Second, physical 
modeling would be helpful to estimate the period 
of time that landslide hazards related to melting of 
permafrost will be a concern. In a warming climate, 

Figure 1. Change in annual mean precipitation 
(expressed in mm/day) from an ensemble of General Cir-
culation Models using the A1B emissions scenario for the 
period 2080–2099 relative to 1980–1999. Zero line is the 
line of no change. Adapted from Meehl et al., 2007.
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ice and permafrost will have a finite lifetime. Third, 
continued efforts should be made to better under-
stand changes in the types and distribution of veg-
etation to improve estimates of evapotranspiration 
and predictions of wildfire and the potential for 
subsequent debris flows. Fourth, continued efforts 
should be made to better differentiate the impact 
of population growth and land use from climate-
change effects. Lastly, continued improvement 
is needed in making downscaled climate projec-
tion data readily available. Readily available data 
should lead to the development and application of 
creative new landslide modeling approaches.
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