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ABSTRACT: Slope stability and hence landslide activity is in many cases related to climate, which
influences groundwater and pore pressure fluctuations of hillslopes. An approach is presented
which transforms transient GCM output by statistical downscaling to local precipitation scenarios,
which together with directly derived temperature scenarios are subsequently fed into a slope hydro-
logical/stability model to derive future landslide activity. This model chain is applied to a landslide in
the Dolomites, Italy. Validation of the approach against independent observed records suggests its
applicability for estimating future landslide activity based on GCM results. One possible way of esti-
mating the quality of the approach is to determine sources of uncertainty introduced by the GCM sim-
ulations and by different fitting periods of the downscaling technique. Differences between the GCM
experiments are found to be more important than differences between the 2 fitting periods. The most
striking result is the significant reduction of landslide activity in spring in all cases. This is attributable
to the rise of winter temperature which impedes future storage of winter precipitation as snow. As one
consequence, less melt water is available for the hillslope in spring, causing the decrease in activity. It
can be concluded that differences between GCMs and differences between fitting periods permit
quantification of part of the uncertainty inherent in climate change impact assessments. Impacts which
emerge in all model combinations, such as the decrease in landslide activity in spring shown here, have

a high level of confidence.
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1. INTRODUCTION

Landslides are a common feature of mountainous
regions around the world. Depending on location and
time of occurrence, these landslides can be a threat to
society, and have caused large numbers of casualities
and huge economic losses. They are mainly triggered
by climate and seismic activity: rainfall-triggered land-
slides are the most common (Crozier 1986, Gostelow
1991).

The fact that climate is a boundary condition of land-
slide activity explains the interest of landslide research
in climate change projections for the next century. The
wide range of landslide types (Dikau et al. 1996) re-
quires separate investigations for each type of setting.
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The case of a mudslide in the Dolomites, Italy, reaching
a small village is presented here. The local population
and authorities are alarmed at the possibility of future
disastrous collapse-like activity of the mudslide, which
could damage a residential area and a road. Three re-
search strategies were developed in order to gain some
insight in the future development of the landslide:
(1) monitoring of slope movement and groundwater
behaviour; (2) development and application of hydro-
logical and slope stability models which are able to
reproduce the displacement features of the mudslide;
and (3) application of a combined modelling approach
linking slope hydrological/stability modelling with
projections of global warming due to the enhanced
greenhouse effect. The latter is the topic of the present
paper. Large-scale projections of global warming are
derived from general circulation models (GCMs),
which at present provide the physically most plausible
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scenarios for possible future climates
(Carter et al. 1996, Trenberth 1997). Due
to the low horizontal resolution of GCMs,
however, their results have to be post-
processed with downscaling techniques
to derive local climate scenarios (von
Storch 1995). Downscaling methods re-
late large-scale atmospheric features

with local features such as station precip-
itation (see Hewitson & Crane 1996,

60°N

Zorita & von Storch 1998). Subsequently,
slope hydrological/stability models are
forced with the local scenarios of climate
change and return future scenarios of
groundwater fluctuations and landslide
activity. This approach was adapted for
models and parameters of the present
study and is shown in Fig. 1. It is clear
that such a model chain facing future

conditions is prone to various sources of

A~
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error and therefore the results contain a 9°|W
considerable amount of uncertainty. This

uncertainty of climate change impact sce-
narios impairs their presentation to those
concerned as well as to policy makers. In
the present study, attempts are made to
quantify part of the uncertainty.

2. LOCATION OF STUDY SITE

The mudslide Alvera is located near Cortina d’Am-
pezzo in the Eastern Dolomites (Fig. 2). The mudslide
is about 1700 m long and 100 m wide, extends from
1320 to 1520 m of altitude, and consists mainly of
clayey material. In its lower reach it threatens a resi-
dential area, where a protective wall has been built as
a countermeasure. The monitoring equipment con-
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Fig. 1. Model chain applied for the assessment of landslide

activity of Alvera mudslide. SLP: sea level pressure. *Temper-

ature is not actually downscaled but derived directly from
GCM grid points and calibrated with observations
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Fig. 2. Location of Cortina d’Ampezzo in the Dolomites, Italy. The underlying
T42-grid and the land-sea mask (grey = land) are used in ECHAM4/OPYC3

nected to an automatic recording system consists of in-
clinometric tubes and extensometers for measurement
of landslide displacement, and piezometers for the ob-
servation of groundwater fluctuations. Sliding surfaces
have been found at 5 m and 20 m depth (Angeli et al.
1998).

Observed precipitation records from the Meteoro-
logical Survey of Venice are available for Cortina
d’Ampezzo (1922 to 1996), Misurina (1922 to 1975) and
San Vito (1922 to 1987). Misurina is located 10 km ENE
and San Vito 12 km SE of Cortina d’Ampezzo. The data
of Cortina were tested for homogeneity against the
other 2 stations considering daily and monthly precipi-
tation totals, number of days with precipitation, and
intraseasonal variability of daily precipitation. No
obvious inhomogeneity in the series could be found.
Daily air temperature is available from the same
source for Cortina only, covering the period 1955 to
1985.

3. IMPACT MODEL AND DOWNSCALING
TECHNIQUE

In order to simulate the behaviour of the Alvera
mudslide a conceptual hydrological model and a slope
stability model were developed and calibrated (Angeli
et al. 1996, 1998). Together they are called the impact
model in the following.
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Observed groundwater fluctuations of the mudslide
indicate flow velocities which cannot be explained by
the low permeability of the clayey matrix of the land-
slide body. Therefore preferential flow in macropores
is suspected to be an important hydrological process
operating in the landslide. The groundwater records
suggest subdivision with a macroporous root zone,
underlain by a less permeable stiff clayey layer which
contains various dead-end cracks. The adapted hydro-
logical tank model consists of 2 linear reservoirs placed
in series which represent the 2 layers of the mudslide
(Angeli et al. 1998). The lower tank (clayey layer)
influences the upper tank (macroporous root zone)
only when the former is filled with water. Water input
is by precipitation only. Output occurs at the outlets of
the tanks. No lateral transport is allowed in the model.

Input variables for the tank model are daily precipi-
tation and air temperature. Temperature is used for the
calculation of evapotranspiration and snow storage/
melt. Evapotranspiration is mapped very simply. For
days with mean temperature <9°C evapotranspiration
is neglected. For days with mean temperature >9°C
evapotranspiration is set to the fixed amount of 2.5 mm
d*. Snow storage and snow melt are also represented
in a conceptual manner using a temperature-index
model (Bergstrdom 1976). Precipitation on days with
mean temperature <0°C is stored as snow. This storage
is released at a temperature-dependent rate as melt
water. The temperature-index model uses the term
&(T - Tp), with T = mean daily temperature (°C), To =
threshold temperature for snow melt (°C) and & = snow
melt rate (mm d~! °C™). T, and & have to be empirically
fitted to the model. The values & =1.25 mm d-*°Ctand

groundwater (m)

-2

To = -1°C were used in the study (Buma 1998). An
example of the performance of the tank model is pre-
sented in Fig. 3.

Slope stability and displacement rate are assessed
through the application of a visco-plastic rheological
model which is linked to groundwater fluctuations
reflecting porewater pressure (Angeli et al. 1996, Gas-
paretto et al. 1996). Instead of applying the complete
rheological model to derive daily rates of landslide dis-
placement, the following simplified alternative was
chosen in the present approach. The onset of displace-
ment in the slope stability model is triggered when
groundwater exceeds a critical level. In the case of the
Alvera mudslide an infinite slope stability analysis
revealed a critical threshold of —-0.5 m below the
ground surface (Buma 1998). Hence the number of
days with supercritical groundwater levels per time
unit is an indicator of landslide activity, without infor-
mation about magnitude. The number of days >-0.5m
groundwater, on the other hand, yields sufficient infor-
mation for the purpose of this study. The effect of soil
strength regain, which is mapped in the slope stability
model by the use of 2 stability thresholds, is neglected
due to the fact that it had hardly any effect on the
results of landslide activity fitted with data of Borehole
S5 for the period 1990 to 1996. The overall perfor-
mance of the combined hillslope hydrology/stability
model was demonstrated in Angeli et al. (1998) with
promising results.

The impact model requires local climate information
at daily time steps, which can be provided by a down-
scaling technique based on daily GCM data. For pre-
cipitation an analog technique described in Cubasch et

observation
. estimation

15 May 1990

time (days)

30 Sept 1993

Fig. 3. Daily groundwater measured in Borehole S5 of Alvera mudslide (observation) and groundwater estimation with the tank
model described in the text (estimation) for the period 15 May 1990 to 30 September 1993
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al. (1996) and Zorita & von Storch (1998) was applied,
relating large-scale atmospheric circulation repre-
sented by sea level pressure (SLP) fields and precipita-
tion at Cortina. In this analog technique simultaneous
observed SLP and precipitation for the fitting period
are stored in a catalog. In the next step an independent
set of SLP fields, e.g. another observed period or GCM
output, is analysed with the objective of finding the
most similar large-scale atmospheric situation in the
catalog for each day of the target period. The most sim-
ilar pattern is then called the analog, and the simulta-
neously observed precipitation amount is assigned the
estimated precipitation of the respective day. In order
to reduce the degrees of freedom and to filter out
noise, the SLP field is projected onto its empirical
orthogonal functions (EOFs) prior to the whole proce-
dure. Pattern similarity is then determined with a near-
est neighbour method.

In the present study the analog technique was car-
ried out separately for the seasons March-April-May
(MAM), June-July-August (JJA), September-October-
November (SON) and December-January-February
(DJF). The technique uses the first 5 EOFs of SLP and
was run with a time lag of up to 2 d. This means that
the precipitation of Day t is related to SLP of Days t,
t-1, t-2. Rather than basing the similarity on a 1 d situ-
ation only, this takes into consideration the develop-
ment of the atmospheric situation. The analysed SLP
field covers part of the North Atlantic and Europe
within the coordinates 70° W to 20° E and 20° to 70° N.
SLP data from the NMC analyses (former National
Meteorological Center, now National Center for Envi-
ronmental Prediction, NCEP) interpolated onto a 5° x
5° grid was supplied by the US National Center for
Atmospheric Research (NCAR) (Trenberth & Paolino
1980).

For validating the technique the available record of
observations has to be divided into independent fitting
and target periods. The analog model is trained with
the fitting period and is then applied to observed SLP
of the target period to derive a reconstruction of the
precipitation for the target period. When estimated
and observed precipitation of the target period coin-
cide the downscaling model can be applied to GCM
output with the usual assumption that the empirically
based relationship between SLP and local precipita-
tion is stationary under climate change (see Buma &
Dehn 1998). One possible way, to test the stationarity
of the method is to use 2 empirical analog models, each
consisting of a fitting and a target period. The first con-
sists of the fitting period 1962-91, used for the recon-
struction of the period 1922-61. The second fitting
period is 1946-75, which is applied for the reconstruc-
tion of the periods 1922-44 and 1976-94. In the fol-
lowing Analog 1 denominates the model based on fit-

ting period 1962-91, and Analog 2 the model based on
the fitting period 1946-75. Validation parameters are
time series correlations between observation and re-
construction of seasonal precipitation sums, intrasea-
sonal variability represented by standard deviation of
daily precipitation (high-frequency variability) and
number of days per season with precipitation >0.2 mm
(Table 1). The threshold 0.2 mm discriminates between
moist and dry days. This is somewhat arbitrary, but
well within the range of various definitions (0.1 to
0.25 mm) cited e.g. in Crowe (1971). Two further para-
meters are the 0.9 quantiles of daily precipitation (qo.o)
and the low-frequency variability calculated as the
standard deviation of seasonal precipitation (Table 2).

It is obvious that autumn and winter and to a lesser
extent spring yield acceptable results. In contrast sum-
mer precipitation is poorly estimated from either fitting
period. Summer, however, is characterized by a high
quantity of convective showers which are not as closely
related to large-scale circulation as advective precipi-
tation. An example of the historical development and
reconstruction of precipitation sums is illustrated in
Fig. 4 for winter with Analog 1, demonstrating the per-

Table 1. Time series correlation coefficients (r) between ob-
servation and reconstruction of precipitation in Cortina

MAM JJA SON DJF

Analog 1 (1922-61)

Precipitation totals 0.33 0.02 042 0.52
Number of days >0.2mm 0.24 0.04 0.45 047
Intraseasonal variability 0.32 0.00 030 0.40

Analog 2 (1922-44 and 1976-94)

Precipitation totals 0.21 -0.25 048 0.48
Number of days >0.2mm 047 023 031 0.42
Intraseasonal variability 0.12 -0.26 042 043

Table 2. Validation of qgg (in mm) and low-frequency vari-
ability of precipitation in Cortina for both analog model
settings

Analog 1 Analog 2
Observation Estimation Observation Estimation
(1922-1961) (1922-1944 and 1976-1994)

Qo9

MAM 21.0 16.0 21.1 18.6
JIA 20.0 17.4 20.6 17.8
SON 31.0 22.8 28.8 26.6
DJF 195 16.0 18.2 26.1
Low-frequency variability

MAM  98.7 97.0 104.3 89.3
JIA 83.0 80.7 89.0 89.2
SON 140.6 95.1 147.6 97.4
DJF 123.6 82.8 87.7 88.0
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Fig. 4. Measured and reconstructed winter precipitation in Cortina,
1922-60. Reconstruction is based on the analog technique with the
fitting period of Analog 1. Years 1944-46 are missing from the recon-

struction due to missing SLP data in this period

formance of the technique. In summary, it could be
shown that the analog technique based on SLP is able
to successfully reconstruct the historical development
of precipitation in Cortina in winter, spring and au-
tumn, while average precipitation, maxima, and low-
frequency variability are generally underestimated.
Furthermore the downscaling model seems not to be
affected by non-stationarity. Despite some deficiencies
the validation demonstrated the skill of the analog
technique and therefore it was used for downscaling
large-scale circulation features of GCM experiments.

4. LOCAL CLIMATE CHANGE SCENARIOS
4.1. Local precipitation

Future local precipitation scenarios for Cortina were
developed with the analog technique based on SLP
simulated in GCMs. In order to assess the uncertainty
from different climate models 2 transient GCM experi-
ments were used. The second generation Hadley Cen-
tre Coupled Model (HadCM2) with sulphate aerosols
(Johns et al. 1997) and the fourth generation European
Centre Hamburg Model (ECHAM4) globally coupled
with the ocean circulation model OPYC3 without con-
sideration of sulphate aerosols (Roeckner et al. 1996)
have been selected. Both anomaly experiments are
based on the emission scenario 1S92a of the Inter-
governmental Panel on Climate Change (IPCC)
(Houghton et al. 1992). Horizontal resolution of
HadCM?2 is 2.5° x 3.75° and of ECHAM4/OPYC3
approximately 2.8° x 2.8°. Further details can be found
in the cited references. Due to the large amount of data
in daily approaches only two 30 yr periods of each
GCM were used for downscaling purposes. The first
period represents the present climate with observed

greenhouse gas concentrations and is called ‘con-
trol’. It covers the years 1960-89 of ECHAMA4/
OPYC3 and 1950-79 of HadCM2. The use of dif-
fering control periods is due to technical and
logistic problems of deriving daily GCM data.
The files covering years 1980-89 of HadCM?2
were empty and data acquisition for years
1960-89 of ECHAM4/0OPYC3 was already in pro-
cess. The second period of both GCMs covers the
years 2070-99 and represents climate change

1960  due to increasing greenhouse gas concentrations.

Together with the 2 fitting periods there exist 4
scenarios of future local precipitation, that is
Analog 1 and Analog 2 based on ECHAMA4/
OPYC3 and on HadCM2, respectively.

Results of analog downscaling of local precipi-
tation are presented in Table 3 for the 2 GCM ex-
periments and 2 fitting periods: again results are
given for seasons. Only statistics of the 30 yr periods
are considered, because single weather events are not
meaningful according to characteristics of climate
modelling in GCMs (Trenberth 1997). Therefore the
comparison is carried out on mean values of the pre-
cipitation totals, variability, and days with precipita-
tion. Additionally values of qp9 and low-frequency
variability of the periods are considered. Local pre-
cipitation obtained with the analog technique from
ECHAMA4/OPYC3 is decreased in SON with both fit-
ting periods and with regard to all 5 parameters (signif-
icant at the 95% confidence level for precipitation
sums). Precipitation amounts for example decrease by
19.9% and 27.5%, respectively. For the other seasons
changes are not significant. In the scenarios obtained
with HadCM2 no season with significant changes of
both analog models is visible such as SON with
ECHAMA4/0OPYC3. In contrast to the generally de-
creasing precipitation amounts with ECHAM4/0OPYC3
there is a significant precipitation increase with
HadCM2 in DJF with Analog 1 (+33%) and in JJA with
Analog 2 (+11%). Summer, however, was not succes-
fully validated as shown above. Therefore no further
statements will be made for this season. Differences
between estimations based on the same GCM but dif-
ferent fitting periods can be seen for both GCMs.
Sometimes even changes of opposite sign occur, as, for
example, between precipitation sums of SON with
HadCM2 or of MAM with ECHAM4/OPYC3. These
changes with opposite signs, however, are in no case
significant on the 95% confidence level.

The scenarios based on ECHAM4/0OPYC3 show a de-
creasing frequency of intense precipitation events as in-
dicated by lowered qg o, except for MAM with Analog 1.
The analog technique with HadCM2 and both fitting pe-
riods on the other hand is characterized by increased
high intensity precipitation in winter and with Analog 2
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Table 3. Percentage change of 5 precipitation parameters in Cortina between control (1960-89 with ECHAM4/OPYC3 and
1950-79 with HadCM2, respectively) and years 2070-99 of the GCM experiments. Bold values indicate significant changes at
the 95% confidence level. No significance was calculated for the low-frequency variability and quantiles

ECHAM4/0OPYC3 HadCM2 with sulphate

Analog 1 Analog 2 Analog 1 Analog 2
Precipitation sums
MAM -4.1 +4.3 -14.5 -17
JIA -6.7 -3.0 +5.3 +10.7
SON -19.9 -27.5 -25 +7.2
DJF -13.7 -14.2 +33.2 +8.7
Intraseasonal variability (high frequency)
MAM -0.4 +10.7 -16.8 -7.2
JIA -75 +12.3 +7.5 +11.3
SON -16.1 -21.6 -4.4 +4.6
DJF -11.9 -10.9 +27.0 +5.4
Number of days with precipitation >0.2 mm
MAM -5.7 +4.5 -0.9 +2.1
JIA +3.6 +1.7 -1.7 0.0
SON -11.9 -7.4 -2.4 0.0
DJF -85 -4.3 +2.0 -5.0
Low-frequency variability
MAM -5.7 +20.8 -24.6 +1.0
JIA -18.9 -10.3 -4.7 +29.5
SON -33.2 -28.8 -13.1 +65.1
DJF +17.8 -25.7 +45.8 +39.5
Qoo Of daily precipitation
MAM 0.0 -4.5 -105 -3.7
JIA -7.6 -2.1 +7.0 +8.0
SON -15.9 -26.3 -2.1 +3.0
DJF -6.1 -10.0 +59.4 +19.1

also in SON. For Analog 2 and HadCM2 there is also a
large increase in low-frequency variability (+65.1% and
+39.5%) in SON and DJF despite only small increases in
precipitation totals (+7.2% and +8.7%). A similar pat-
tern can be seen for ECHAMA4/0OPYC3 with Analog 1
where a reduction in precipitation amounts (-13.7%) is
associated with an increase in low-frequency variability
(+17.8%). This indicates stronger year-to-year variations
regarding seasonal precipitation amounts. Table 3 in
general shows greater differences between the 2 GCM
experiments than between the 2 analog models trained
with different fitting periods.

4.2. Local temperature

In contrast to precipitation, the local temperature of
Cortina was not derived by downscaling but by taking
1 single GCM grid point next to Cortina from either
ECHAMA4/0OPYC3 or HadCM2. Since air temperature
does not show the same high spatial variability as pre-
cipitation it is supposed that this approach is justifi-
able. The annual cycles of temperature of GCM data
and observations are shown in Fig. 5 and demonstrate
the applicability of directly using GCM air tempera-

ture data. It also shows differences between the use of
1 grid point and the average of several grid points next
to Cortina. Differences of yearly average temperature
between observations and GCM data are 0.9°C for 1
ECHAM4 grid, 2.7°C for the average of 16 ECHAMA4
grids, —4.7°C for 1 HadCM2 grid, and 5.9°C for the
average of 6 HadCM2 grids. The single grid method is
closer to observations than using the average of sev-
eral grid points. This is due to the location of adjacent
GCM grid points outside the model Alps and locations
even in the Mediterranean Sea. For HadCM2 the use
of more grid points presents an annual cycle with
reduced amplitude and smaller temperature increases
(not shown) which could be an effect of grid point loca-
tions in the sea. Further, year-to-year variability of
mean temperature of the average of several grid points
is underestimated by about 60% for HadCM2. Low-
frequency variability of 1 grid point is only underesti-
mated by about 10% for both GCMs.

The grid point values have to be calibrated taking
into account the differences in the longterm mean
obvious from Fig. 5. Based on the period 1955-85 val-
ues were fitted to local observations as follows:

correction_constant; = T;(observed) — T;(control)
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with T being the longterm mean monthly tem-
perature of month i =1, 2, ..., 12. These correc-
tion constants were used to calibrate the daily
temperature scenarios. Fig. 6 shows the cali-
brated local temperature scenarios (based on
monthly GCM data). As expected it is clear that
the temperature rise in HadCM2 (with consider-
ation of sulphate aerosols) is smaller than in
ECHAMA4/0OPYC3 (without sulphate aerosols)
(Mitchell et al. 1995). The average temperature
increase between the control period and years
2070-99 is +4.7°C for ECHAM4/OPYC3 and
+3.5°C for HadCM2.

109
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Fig. 6. Scenarios of mean winter temperature in Cortina derived
directly from 1 grid point of either of the 2 GCM experiments, cali-
brated with observations. Curves represent 30 yr running means

5. IMPACT SCENARIOS

In this section the effects of these local precipitation
and temperature scenarios on activity of Alvera mud-
slide, obtained by the approach given in Fig. 1, are
considered. As with the climate scenarios, only mean
states of the examined periods are used in the assess-
ment. As explained before, the number of days with
supercritical groundwater level has been taken as an
indicator of landslide activity. In Fig. 7 the resulting
scenarios of future landslide activity are presented. As
in the case of local precipitation 4 different scenarios
have been developed, given by the 2 GCM experi-
ments and the 2 fitting periods.

In spring (MAM) there is a decrease in landslide ac-
tivity, significant at the 95% confidence level, with both
GCM experiments and both fitting periods. There is
also a general decrease in activity in SON, which is sig-
nificant with ECHAM4/OPYC3. For the other seasons,

204

16

temperature (°C)

however, there is no uniform pattern of change ob-
tained with the method described. With ECHAM4/
OPYC3 a general decrease of activity is simulated,
which is most pronounced in spring. In one case there
also occurs a significant increase of landslide activity in
winter based on HadCM2 with Analog 1, which is con-
sistent with the +33% precipitation change for that sea-
son. Except for MAM there is no similar pattern be-
tween the scenarios based on the 2 GCM experiments.

6. DISCUSSION

The scenarios of future landslide activity of Alvera
mudslide are based on local scenarios of precipitation
and temperature. This discussion focuses upon the signs
of change, their statistical significance, and similarities
between the 4 scenarios developed.

As described in Section 4.1 and pre-
sented in Table 3, there is noticeable
scatter of the 4 different estimates of local
precipitation. The differences between
GCM experiments are considerable.
There is no similar pattern between
ECHAMA4/0OPYC3 and HadCM2 with re-
spect to the sign of change or seasons
with significant changes. While generally
decreasing precipitation amounts were
found with ECHAMA4/0OPYCS3, there are
some seasons with an increase in precip-

& ECHAM-AVE + ECHAM-ONE
T

# HAD-AVE © HAD-ONE —

itation with HadCM2. Furthermore, the

oBS precipitation scenarios developed with

T T T T T T

1 2 3 4 5 6 7 8 9
month

'
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Fig. 5. Mean annual cycle of air temperature in Cortina, 1955-85. OBS =
observed; ECHAM-AVE = average of 16 grid points of ECHAM4; ECHAM-
ONE = one grid point of ECHAM4; HAD-AVE = average of 6 grid points of

10

HadCM2; HAD-ONE = one grid point of HadCM2

" 12 different fitting periods in some cases

show changes with opposite signs. The
latter finding calls in question the postu-
lated stationarity of the downscaling
model and should be addressed in fur-
ther studies with the analog technique.
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Fig. 7. Seasonal scenarios of landslide activity showing mean of control period with 95% confidence levels and mean of climate
change period. Scenarios are based on 2 GCM experiments and the 2 fitting periods, Analog 1 and Analog 2. E4 = ECHAM4/OPYC3s

The unequal signs of change, however, are in no case
significant at the 95% confidence level. The uncertainty
introduced by the inter-GCM differences is greater than
the differences due to different fitting periods. Therefore
it is absolutely necessary to use several GCM experi-
ments for the construction of local climate change sce-
narios in order to derive a range of possible future situa-
tions. The study of Martin et al. (1997) with an analog
technique for the French Alps also showed quite re-
markable differences in precipitation scenarios based on
different GCM experiments.

Local temperature scenarios show for both GCMs a
significant temperature rise but with different gradi-
ents. The difference in this case is due to the consider-
ation of sulphate aerosols in HadCM?2 with its regional
cooling effect and also varying model physics and
model designs. It was demonstrated that the long-term
mean annual cycle of temperature of 1 GCM grid point
next to the study area is close to the observed cycle for
both GCMs. Therefore, it is argued that the calibration
of the GCM data to fit observations is sufficient for the
assessment of future landslide activity.

The scenarios of activity of Alvera mudslide induced
by various precipitation and temperature changes
show several features. In agreement with the precipi-
tation changes there is a general decrease of activity
simulated with ECHAM4/OPYC3. Simulations based
on HadCM2 on the other hand show increasing activ-
ity in JJA and DJF. The most interesting feature is
obvious in spring, with significant decreases of land-
slide activity for both GCM experiments and both fit-
ting periods, respectively. There is no parallel to this

finding in the other seasons. If precipitation were to be
the cause of this result it should be reflected in the pre-
cipitation scenarios for spring. The respective precipi-
tation scenario based on HadCM2 with Analog 1 is
characterized by significantly decreasing precipitation
of —15%. The other 3 precipitation scenarios for spring
change only by about +5%. Hence, it still has to be
explained why a general and significant decrease of
landslide activity in spring occurs which seems not to
be caused by the simultaneous precipitation changes.
The reason has to be sought in the strong temperature
increase which is significant in all cases. An explana-
tory model is the role of snow storage of DJF precipita-
tion at present DJF temperatures which contributes to
high meltwater inputs into the slope system in early
spring and hence triggers activity of Alvera mudslide.
Global warming due to the enhanced greenhouse
effect forces mean DJF temperatures in Cortina of cur-
rently —1.1°C to exceed 0°C in the middle of next cen-
tury according to the GCM experiments with and with-
out consideration of the cooling effect of sulphate
aerosols (Fig. 6). This local warming reduces and
finally removes the potential of snow storage in winter.
In a warmer climate, therefore, less water is available
for the slope in spring, with the consequence of lower
groundwater levels and less landslide activity. In other
words, the hydrograph of the currently high melt water
supply in early spring is flattened with increasing win-
ter temperatures. Thus the water supply is less concen-
trated in time and fewer days with supercritical
groundwater conditions occur. Increasing evapotran-
spiration further enforces the decrease of activity.
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Again, it has to be noted that the applied hydrological
model works with a fixed value of evapotranspiration
of 2.5 mm d! for days with mean temperature above
9°C. Therefore the effect of rising temperatures on
evapotranspiration is not simulated realistically. While
the threshold of 9°C does not affect JJA (nearly all days
warmer) and DJF (nearly all days colder) it does have
an effect for MAM and SON. This shortcoming of the
modelling of evapotranspiration does not put the sign
of change into doubt, however, but only the accurate
quantity of landslide activity. For the purpose of this
paper this error is acceptable.

In order to test the proposed explanation for the
strong reduction of landslide activity in spring the
impact model was forced with different precipitation-
temperature combinations. First only precipitation was
changed for years 2070-99 while temperature was
held unchanged as in the control period. Then the
opposite situation was simulated, with unchanged pre-
cipitation and rising temperatures. This procedure was
carried out for both GCMs and fitting periods, and
hence 8 scenarios (Table 4). For spring there is no case
of significant change with only changed precipitation
and unchanged temperature, whereas for the reverse
model design forced solely by the temperature
increase there are significant reductions of activity in
all cases. For the other seasons the temperature influ-
ence is not that important. In SON both temperature
and precipitation changes cause significant changes
with ECHAMA4/0OPYC3. Based on HadCM2 significant
changes occur only with the temperature increase. In
DJF it is only precipitation changes which cause signif-
icant changes of landslide activity. These findings sup-
port the suspected dominant influence of rising tem-
perature as explanation for the decreasing landslide
activity in spring.

Despite various sources of uncertainty and the use of
different GCM experiments and fitting periods, the
reduction of snow storage with the consequence of
lowered landslide activity in spring arises as the main
climate change signal. Therefore a higher confidence
level can be assigned to this partial result compared to
the other seasons. This finding is further confirmed by
a climate change impact assessment obtained with
an alternative downscaling technique known as ex-
panded downscaling (Burger 1996). Based on the
ECHAM4/0OPYC3 experiment with consideration of
sulphate aerosols this study also revealed the only sig-
nificant change of landslide activity in spring, with a
strong decrease (Dehn et al. 1998). However, there still
exist other sources of uncertainty omitted in the con-
struction of the scenarios. Boundary conditions of the
mudslide, e.g. vegetation, slope morphology and mate-
rial availability, are implicitly set constant in the sce-
narios, but they are also in part directly dependent on

Table 4. Sensitivity of landslide activity to changes in precipi-

tation (P) or temperature (T) of the period 2070-99 in compar-

ison to the respective control period of the GCMs. Values are

mean number of days per season with critical groundwater

levels. Bold values indicate significant changes at the 95%
confidence level

MAM JJA SON DJF

ECHAM4/0OPYC3

Analog 1
Control, 1960-89 17.3 6.6 5.3 6.8
Only P changing, 2070-99 15.8 59 3.3 4.3
Only T changing, 2070-99 9.5 6.0 3.7 6.8

Analog 2
Control, 1960-89 18.6 9.9 6.6 7.0
Only P changing, 2070-99 18.3 8.3 3.8 51
Only T changing, 2070-99 10.7 9.3 4.2 7.3

HadCM2

Analog 1
Control, 1950-79 18.3 6.3 5.3 3.8
Only P changing, 2070-99 16.9 7.1 5.5 5.6
Only T changing, 2070-99 12.0 5.9 3.4 4.3

Analog 2
Control, 1950-79 17.6 8.7 7.2 5.6
Only P changing, 2070-99 17.8 9.9 7.4 5.3
Only T changing, 2070-99 10.2 8.1 4.7 6.4

climate change, as in the case of vegetation. Slope
morphology and material availability might change
significantly in the course of time due to the downward
movement of the mudslide creating new conditions for
slope hydrology and stability. A complete impact
assessment therefore would have to take into account
all of these boundary conditions of slope behaviour, in
addition to precipitation and temperature changes.

The scenarios are site specific with regard to the
slope system and climatic environment of Alvera and
should not be transferred to other types of landslides or
other locations in the Alps without further research.
Future studies will compare the behaviour of the
Alvera mudslide and scenarios of the Boisivre land-
slide in the French Alps, which is described in Buma &
Dehn (in press) and Dehn & Buma (1999).

Finally, it should be noted that despite the differ-
ences between the GCMs both are based on the emis-
sion scenario 1S92a, which also contains considerable
sources of uncertainty (Houghton et al. 1996). This
uncertainty could not be assessed since long GCM
experiments are normally integrated with 1 emission
scenario only.

7. CONCLUSIONS

The applied model chain for the assessment of land-
slide activity of the Alvera mudslide permits estimation
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of climate change impacts induced by the enhanced

greenhouse effect. The following conclusions can be

drawn from the study:

« The analog technique trained with 2 different fitting
periods and applied to 2 GCM experiments returns
different trends of changing precipitation. This scat-
ter can be treated as uncertainty inherent to the
method. Between-GCM differences are more impor-
tant than differences between fitting periods.

e Temperature is derived from GCM experiments
directly with an acceptable degree of accuracy.
Monthly corrections are needed to adapt the scenar-
ios to local conditions.

* The general decrease of landslide activity in spring
simulated with 4 local climate scenarios points to the
importance of mean winter temperature as one key
parameter of this landslide system. This effect is so
dominant that despite uncertainties in the precipita-
tion scenarios it determines the main climate change
impact in all cases. For the other seasons no uniform
and clear climate change signal could be distin-
guished.
The results suggest that the use of various GCM
experiments and fitting periods for the downscaling
approach is proper for a preliminary assessment of
uncertainties of local climate change impact assess-
ments.
An improvement of the described approach should
consist of isolating the cause of the seeming insta-
tionarity in the downscaling model for precipitation,
an improved derivation of local temperature, an eval-
uation of the ability of the hydrological model to
represent snow storage and snow melt, and the
development of a more sophisticated temperature-
dependent evapotranspiration term in the hydrologi-
cal model.

« A complete assessment of local climate change
impacts would require the use of even more than 2
GCMs, the use of different downscaling techniques,
and the quantification of the effect of changing local
boundary conditions, e.g. vegetation, slope morphol-
ogy and material availability.

* The scenarios of landslide activity are site specific for
Alvera and should not be taken as reliable for any
other landslide in the Alps.
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