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Kenneth J. Gregory

Table 1. The Development of physical geography

Changing Nature A century of British Some specific developments
of Physical Geography, 2000 Geography, 2003
Foundations Uniformitarianism Foundations Geology and Geological Survey
1850-1950 Evolution up to 1900 foundation; Evolution; Glacial theory;
Scientific method Physiography; Cycle of erosion
Exploration and survey Evolution Denudation chronology
Conservation up to 1960 Evolutionary theme in climatology
Cycle of erosion, zonal and plant and animal biogeography
soils, climatic climax Glacial and coastal geomorphology
Experience of air photographs
during WWII led to dynamic
Developments Positivism and climatology
1950-1980 post-positivism Soil surveys
A . Revolution - —
Quantification " Foundation of BGRG (British
Data collection, chal.lengmg Geomorphological Research Group)
) earlier orthodoxy p
Remote sensing after 1960 in 1960
Quantitative and statistical methods
Theory Mathematical models
Current Environmental Systems and modelling Non linear modelling
Approaches Environmental Processes Short term change
Processes Impact of individual events
Environmental Change Environmental Increasingly precise dating
Change Correlation of spatial sequences
Identification of short term
sequences or individual events
in the palaeoenvironmental record
Human Activity Human impact Range of impacts identified
Timing of impacts, reaction
and relation times
Applications Applied and Hazards and extreme events
applicable research What is natural and basis
for restoring nature
Trends for the Global physical Restructuring Biogeochemical cycles
Millenium geography Global, GIS Global change scenarios
Upscaling and downscaling
Cultural physical New focii, cultural Aesthetics of environment
geography differences affecting Holistic approaches, Human ecology

environment, Multidisciplinary approaches e.g.
environmental Geoarchaeology, Ecohydrology,
management

More integrated physical geography

Development of core — physical geography or physiography

Relation to human geography

Internal organization — geomorphology, climatology, hydrology,
biogeography and ecological process,

Quaternary environmental change

Holistic and global problems, global change

Relations with other disciplines — including impact assessment,
risk analysis, environmental health, disaster management,
urban regeneration, sustainable development, natural
resource management

Developed from Gregory, 2000, 2003a. Research on extreme events and human activity was an integral

part of the specific developments listed and is indicated by italics.
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The extreme precipitation events on the northern side of the Tatra Moutains 17

February), spring (March-May), summer (June-August) and autumn (Septem-
ber-November) precipitation sums were analysed. Frequency, empirical
probability and standard time series analyses of data were performed.

EXTREME PRECIPITATION

Hala Gasienicowa has an average annual precipitation of 1690 mm which
varied from 1038 in 1946 to 2626 mm in 2001 (Table 1). Above 42 percent
of the annual total is observed during the summer, what is typical for this part
of Europe. Spring precipitation (23 percent) is slightly above that of autumn
(22 percent), and the winter precipitation is the least (13 percent). Variability of
the presented element is greatest during the autumn season. Maximum monthly
precipitation occurs in July (250 mm) with a relatively large coefficient of
variability (55 percent). Extreme monthly totals varied from 38 mm in July 1928
to the exceptional value of 743 mm in July 2001. The highest monthly value for
the whole of the Carpathians was 812 mm measured at the Lysa Hora peak in the
Silesian Beskid Mountains in the territory of the Czech Republic in July 1997
(Niedzwiedz 1999). Amounts exceeding 500 mm were noted on four occasions:
in July 1934 (684 mm), 1980 (622 mm), 1997 (560 mm) and 1960 (518 mm).

Table 1. Average and extreme precipitation totals (in mm) in Hala Gasienicowa (1927-2002).

Element Winter Spring Summer Autumn | Annual Daily
(DJF) (MAM) (JIA) (SON) Maximum
Average 220 387 714 368 1689 90,0
Coeff. of variation (%) 32 27 30 32 17 51
Maximum 469 675 1439 672 2626 300,0
Year 1948 1940 2001 1931 2001 1973
Minimum 92 94 381 160 1038 34,7
Year 1997 1946 1990 1986 1946 1935

The highest daily precipitation total (300 mm) was recorded on 30 June 1973
during a northern cyclonic situation. This is the highest 24-hour amount of
rainfall ever observed in the Carpathian Mountains (Cebulak 1983) as well as in
the whole of Poland. The highest daily value for Central Europe was 345,1 mm
on 30 July 1897 (Paszyfiski and Niedzwiedz 1999) in the Isera Mountains (Sudetes)
at the Nova Louka (Neuwiese) station in the Czech Republic, and 313 mm in the
Zinnwald (Erzgebirge) near the Czech-German border on 12 August 2002. Such
large and prolonged rains are influenced by the orography, when the humid air
masses are flowing perpendicularly to the mountain chain. All investigations
indicate that such events are connected with the northern, north-eastern, and
north-western cyclonic situations or cyclonic troughs (Cebulak 1992b, Lapin and
Niedzwiedz 1984, Niedzwiedz 1972, 1999).
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For longer durations, extreme values of precipitation were observed during
different years. In July 1934 the highest 3-day total reached 422 mm. During 11
days between 16 and 26 July 2001 the total amount of rainfall reached 500 mm.
Another wet period was observed on 26 June — 18 July 1934 with 685 mm during
23 days. The extreme value of 700 mm was exceeded on 26 days and 779 mm on
30 consecutive days (Table 2).

Table 2. Extreme precipitation totals (in mm) in Hala Gasienicowa (1927-2002) for duration 1-30 days.

Duration | Precipitation Period Duration | Precipitation Period

days mm days mm

1 300,0 30 June 1973 16 592,0 25 July — 9 August 1991

2 392,5 16-17 July 1934 17 614,0 11-27 July 2001

3 4224 16-18 July 1934 18 634,0 1-18 July 1934

4 438,7 15-18 July 1934 19 6474 30 June - 18 July 1934

5) 4623 14-18 July 1934 20 656,9 29 June — 18 July 1934

6 465,3 13-18 July 1934 21 662,3 28 June - 18 July 1934

7 467,2 12-18 July 1934 22 679,0 27 June - 18 July 1934

8 4732 11-18 July 1934 23 684,7 26 June - 18 July 1934

9 473,2 10-18 July 1934 24 685,1 22 July — 14 August 1980
10 482,7 14-23 July 1934 25 696,5 21 July — 14 August 1980
11 499,5 16-26 July 2001 26 700,1 21 July — 15 August 1980
12 561,6 16-27 July 2001 27 740,1 1-27 July 2001
13 570,2 15-27 July 2001 28 744,9 1-28 July 2001
14 5758 14-27 July 2001 29 772,3 20 June - 18 July 1934
15 5758 13-27 July 2001 30 7794 19 June - 18 July 1934

Apart from prolonged extreme events sometimes the greatest erosion
consequences have followed violent heavy rains caused by local thunderstorms.
In the Tatra Mountains the maximum rainfall of 60 minutes duration exceeded
40-50 mm with a probability 1 percent (return period 100 years), and 30 mm with
a probability 10 percent (once in 10 years). However, the maximum values for
rainfall duration exceeded 60-80 mm with 1 percent frequency, and 40 mm with
10 percent frequency (Cebulak et al. 1986, Niedzwiedz 1986¢, 1992).

Daily precipitation exceeding 200 mm was recorded three times during the 76
years (Table 3), but more than 100 mm was observed 25 times. Long term
variability of daily maximum precipitation (Figure 1) indicates a small increasing
trend (1,5 mm for 10 years) from 84 mm in 1927 to 95 mm in 2002, but the
highest values occurred during the 1958-1978 period.

The most evident is variability of the number of days with precipitation above
selected thresholds (Figure 2). For example the number of days with
precipitation >10,0 mm changed from 49 in 1927 to 53 in 2002 with the small
increasing trend of 1 day for a 20 years. The maximum number of such days was
observed in 1948 (74), with a secondary maximum in 2001 (67 days).
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Table 3. The number of days (n) with precipitation above particular thresholds in Hala Gasienicowa, in
relation (percent) to 27565 days of observation (1927-2002).

Threshold Number Percent Threshold Number Percent
mm of days mm of days
0,1 16161 58,6 80,0 61 0,2
1,0 12481 45,3 90,0 38 0,14
5,0 6821 24,7 100,0 25 0,09
10,0 3840 13,9 110,0 17 0,06
20,0 1543 5,6 120,0 12 0,04
30,0 754 2,7 130,0 10 0,04
40,0 404 1,5 140,0 7 0,03
50,0 239 0,9 150,0 4 0,015
60,0 150 0,5 200,0 3 0,011
70,0 96 0,3 300,0 1 0,004

For days with larger precipitation amounts the highest number was noticed in
2001. In this particular year the number of days with precipitation above 50 mm
exceeded 13, and above 30 mm exceeded 22 days.

%0

y =0,1538x + 83,615

7 T—

P
=< % __d
R L~ ~
SESEEREEREREE R R EREEREREE
Years
mmm Daily max ====11-years moving averages =—Linear trend \

Figure 1. Long-term variability of daily maximum of precipitation

in Hala Gasienicowa.

The empirical probability (Figure 3) of long lasting precipitation enabled the
evaluation of risk of occurrence of such precipitation. For example with the
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Figure 2. Variability of the number of days with precipitation above selected thresholds
in Hala Gasienicowa.
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Figure 3. Empirical probability (p in percent) of precipitation totals (in mm) for selected durations
(1, 3, 5, 10, 20 and 30 consecutive days) in Hala Gasienicowa.
return period of 10 years (p=10 percent) daily precipitation exceeded 130 mm,
3 days precipitation exceeded 230 mm, 5 days — 300 mm, and 30 days total
of precipitation could be higher than 600 mm.
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26 Pawel Prokop and Adam Walanus

reported downward trends for rainfall during the late 19th century and the
1960s.

[=—l1 [—]2 |3 [m]4a [@ |5

Figure 1. Location of Northeast India region with North Assam subdivision and Meghalaya Hills.
1—national border, 2—subdivision boundary, 3—location of raingauge stations used by Parthasarathy
et al. (1995) for the North Assam subdivision average rainfall calculation: 1 - Goalpara, 2 - Gauhati,

3 - Nowgong, 4 - Tezpur, 5 - Sibsagar, 6 - Dibrugar, 4 - stations used for detailed trend and periodicity
analysis along profile: A—-Gauhati, B-Shillong,

C-Mawphlang, D-Cherrapunji, E-Sylhet (station in Bangladesh added only to show orographic effect);
4—normal dates of onset of the south-west monsoon (after Rao 1981).

Most studies therefore indicate that monsoon rainfall has been mainly ran-
dom in nature over a long period of time, particularly on the all-India scale (Mo-
oley and Parthasarathy 1984). At the subdivisional and station scales the presen-
ce of some periods (especially in the range 2-3 years) have been found to be
significant (Parthasarathy 1984). Unfortunately the source of these oscillations
is not known and cannot be linked to the El Nino-Southern oscillation (ENSO)

http://rcin.org.pl
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cipitation falls, and of the pre-monsoon, when cyclonic storms form over the Bay
of Bengal. The thunderstorms connected with the latter produce large amounts
of rain (mango rains) in April and May, and are typical for northeast India (Pant
and Rupa Kumar 1997).

The rainfall series have been statistically tested using Student's t. In the cour-
se of exploratory periodicity analysis of rainfall time series, a Fourier analysis
was performed with the emphasis on a maximal periodic signal of T=3.5 year.

NORTH ASSAM RAINFALL PATTERN AND ITS SIGNIFICANCE

The investigated North Assam subdivision covers the two states of Assam and
Meghalaya and has a total area of 56,339 km?. The average annual rainfall calcu-
lated from 6 stations for the period 1871-1999 reached 2,226 mm (Figure 1).
However, subdivisions are administrative demarcations and do not represent
internally cohesive areas. This can be seen clearly in the case of North Assam.
This zone is characterised by an extreme contrast between the southern part
(Meghalaya) with an annual rainfall of 11,000 mm at Cherrapunji station, and
the Brahmaputra Valley (Assam) in which only 1600 mm annual rainfall is noted
in Gauhati (Figure 2).

N s

T ® i i
| [ s |

Figure 2. Cross section of the Meghalaya Hills with seasonal rainfall distribution
for uniform period (1901-2000).

I—winter, II—pre-monsoon, III—south-west monsoon, IV—post-monsoon.

The Meghalaya Hills, a relatively small region located between the Brahma-
putra Valley in the north and the Bangladesh floodplains in the south, plays an
especially important role. They form the first orographic barrier for the humid
southwest monsoon winds on their way from the Bay of Bengal. The Meghalaya
Hills account for about 20-25 percent of rainfall input during spring and in June
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even though they represent only 2 percent by area of the Ganges, Brahmaputra
and Meghna basins (Hofer 1997). The rainfall over the southern slopes of the
Meghalaya Hills is very important, perhaps even decisive, in the flood processes
noted in Bangladesh (Hofer, Messerli 1997). Dhar and Nandargi (1998) also rate
the north-east among the flood-prone areas in which a majority of floods in India
occur.

THE TREND TO RAINFALL DATA

Visual inspection of rainfall time series suggests that no evident trend is pre-
sent in the data (Figure 3). The numerical, statistical, approach to the question
of the trend is as follows. In line with Ockham’s razor, the simplest approach is
used. The data series is divided in half and the simplest statistical test (Student's
t) is used to answer a question as to whether on average, the first and second
halves of the series differ. The results are given in Table 1.

I
I )

T i"'ﬂ mm i ‘n

——_—““———_—a
5‘
%

i""iéii";'"-'i-'{{.i.»':"—'i-'"""'.{{{-.'»,’4-"-
Figure 3. Plots of the south-west monsoon rainfall series at the two selected stations Gauhati

(Brahmaputra Valley) and Cherrapunji (Meghalaya Hills). Continuous curve shows 5 years moving average.

The values of t are generally small (under the null hypothesis of no trend, the
expected value of t is 0, and its standard deviation 1). The sign to t-values may
have some geographical meaning, since the positive trend is obtained for stations
in close proximity Shillong, Mawphlang and Cherrapunji, while the Gauhati and
North Assam subdivisions have a negative trend. It must be mentioned, however,
that the negative t values are by no means significant statistically. The highest
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obtained positive value t = 2.23, if taken as a number alone, gives a relatively
significant p-value of 0.030. However, taking into account the fact that 2.23 is the
extreme of 12 values, the significance of the value drops significantly. The avera-
ge t,, = 0.658 (n=15), gives a significant p-value=0.01. However, the assump-
tion of independence of 15 values of t, necessary for such a conclusion, is eviden-
tly broken by the fact that both the North Assam and Gauhati values are of nega-
tive sign, while all others are positive. The final conclusion is that there is no
trend to rainfall data in the region.

Table 1. Student’s t-values for difference between later and earlier half of time series.

Raingauge station Series length Year Pre-monsoon South-west
(years) monsoon

North Assam

(6 stations average) 129 -0.44 -0.51 -0.51
Gauhati 152 -0.28 -0.63 -0.46
Shillong 134 2.01 1.25 1.26
Mawphlang 75 1.45 2898 0.66
Cherrapunji 129 1.63 0.58 1.63

To enhance the significance of that conclusion, two remarks on the general
statistical features of the time series tested may be added. The coefficients of va-
riation for all sites, excluding Assam, are close together at v = 0.2 - 0.3, while for
all the regions of Assam v = 0.1, and is less, as may be expected for a large area
with many raingauge stations averaged. The coefficient of asymmetry for all se-
ries is of the order of 0.5 -1.0 (and half of that for Assam), as may be expected for
positive, random data with v of around 0.25.

As a general conclusion the given rainfall series may be treated as a stable,
random time series. Only the average values are of climatological significance.
However, in the next section an attempt is made to find a periodic structure to
the rainfall data.

PERIODICITY: THE PERIODIC SIGNAL OF T = 3.5 YEAR

In the course of the exploratory data analysis of the rainfall time series, a Fou-
rier analysis has been performed. For the statistical significance assessment it is
important to mention that the plot on Figure 4 is the first obtained in data explo-
ration. It is clear that the periodic component with a period T=3.5 year is of ma-
ximal amplitude. The horizontal scale is that of the period of the periodic com-
ponent. Maximal amplitude is obtained for T=3.5 year. The second one is about
T=11 year, although the evidence for this is too weak to connect rainfall with the
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sun's activity. Similarly, the 3.5 year period seems not to be statistically signifi-
cant, anyway that is of maximal amplitude.

Figure 4. Fourier analysis result of rainfall time series for southwest monsoon season (June-September)
at Cherrapunji station. On the horizontal axis the period T is plotted (the scale is not linear for T

because it is linear for frequency, i.e., the reciprocal of T).

The 3.5 year period is known to be present in many rainfall and river runoff
time series from Central Europe (Walanus 1990, Walanus and Soja 1995). The
origin of such ‘strange’ period is yet to be discovered. It is possible that no such
origin exists at all and that the 3.5 year periodicity is simply random fluctuation.
In any case, it would seem interesting to search for the spatial distribution of this
fluctuation. To find more time series with such a period is the only way to track
the mentioned fluctuation or to seek the climatological cause of it.

The first step is to compare rainfall series from neighbouring sites. The com-
parison would, however, be more significant from the natural point of view if
performed on the basis of the time scale (time domain) instead of frequency
(or period; i.e. frequency domain). On Figure 5 twelve series are presented in
the ‘light’ of the 3.5 year periodicity. The series are filtered by a Gaussian band-
-pass filter of T = 3.5 year; relatively narrow but wide enough to retain visible
fluctuations of amplitude of the 3.5 year component, over tens of years.

Two features of plots are examined. The first is the existence of fragments
of the order of the 20 year length of higher amplitude of 3.5 year periodic com-
ponent. Those fragments are, more or less, synchronous over sites and over
seasons. The second important feature is that the 3.5 year periodicity is synchro-
nous itself.

The sites are close together, so such parallelism of (filtered) series may be
expected. Nevertheless, it proves that the periodicity discussed is not a random
fluctuation of one site’s rainfall, but is of, at least regional significance.

What is interesting is that both kinds of synchronisms appear between the non-
-overlapping ‘pre-monsoon’ and ‘southwest monsoon’ seasons. It means that ra-
iny phases, within a 3.5 year period, are visible not only in one ‘season’ but also in
all. It seems to agree with the conclusion of a regional (global?) rainfall correla-
tion with a 3.5 year periodicity.
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Landslides in Gangtok Town
The first active landslide cum subsidence was reported from the Chandmari area
of Gangtok town. It was quite active during 1975-76 and thereafter remained
relatively stable till June, 1984 when it was reactivated. Another slide at
Tathangchen first occurred in the 1975 monsoon affecting the hill slope below
Tathangchen village adjoining Chandmari. During the 1984 monsoon, this old
slide was reactivated together with additional areas further south of the old slide.
The next recorded landslides occurred in the Syari and Deorali areas of
Gangtok Town on the 16th September, 1990 due to a heavy rainfall of 85 mm.
There were nearly 25 deaths and considerable loss of properties especially of the
army cantonment. The next landslide disaster was on the night of the 5th
September, 1995 in the Deorali area of Gangtok town, killing 30 people and
damaging lot of properties.

¢ LOWELR TADONG
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Figure 2. Location of landslides and No. of deaths in Gangtok during 1975-1998.
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Landslides of 1997 and 1998 disrupted the development area of Gangtok.

Plate 1.
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Figure 3. Map of geological units, landslides and landuse between Tindharia and Khaira-khola.

To assess the nature of damage caused by devastating landslides during 5th to
8th July,1998 in Darjiling Himalayas a geo-technical evaluation was attempted
as follows.

The break in slope caused by the road cum railway bench provides the seat for
deposition of the overflowing streams. During every monsoon the road bench is
covered with slope wash in most places. These slope wash materials consist of large
boulders to fine silt. Down slope the discharge from the streams causes toe erosion,
below the culverts and causeways. Similar erosion occurs at the valley slope in
sections where high discharges flow over the road and where adequate drains are
not provided. The impact of large rolled boulders also causes damage to the road
and the railway line (Plate 2). Even when major instability of the upper slope is not
observed the slope wash material causes disruption of traffic along the said road.
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Figure 4. Map of geological units, landslides and landuse between Khaira-khola and Darjiling.

It has been observed that due to high rainfall during the Sth to 8th July, the
discharge of all the streams increased greatly. The exceptionally high discharge,
which could not be contained within its drainage channel caused major disasters
as has been observed at the intersection of many streams with road sections.

Another major cause of landslides on the above mentioned areas is the down
slope discharge of the streams which had been temporarily blocked at culverts
until the rising water level of the jhora (spring) flowed along available
depressions on the road bench to create a new path diverting the jhora away
from the earlier established course. The new discharge channel cut the toe of the
road causing landslide, toe erosion and subsidence (manifested by large arcuate
cracks) on the road bench. The damage to the road bench in all cases has been
proportional to the discharge of the jhora. In case where the jhora is oblique to
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Chandmari slide rolling down the Chanmari jhora caused toe erosion on the
right bank which has resulted in the failure of the Tathangchen hill slope. This
slide is considered to be a major slope stability problem endangering the entire
habitation of the eastern slope of Gangtok town.

+NATHULA

I nDae crest
: 7

TATHANG CHEN MAJOR SLIDE

GANGTOX &

PALACE JHORA~__

PALACE
D SLOPE FANLUNE
" y ‘/
75, 7.] SUDE DEBRIS %
et 8 [&] ereast waLL

[,7. 7] OLD SLIOE DEBRIS

SEEFAGE POINTS
I z SURFACE DRAINS

[[Z%_] INTERSEPTOR DRAINS

B %) BIOTITE GNEISS
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Figure 5. Plan of Chandmari-Tathangchen slide complex
(after Verma 1993).
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Figure 6. Geological section of Tathangchen slide (after Verma 1993).

CONCLUSION

In the Darjiling Himalayas high rainfall and inadequate drainage on unstable
slopes are mostly responsible for the landslides along the Hill-Cart road. Road
breaches have also taken place due to ground subsidence. All such subsidence
zones are accompanied by arcuate tension cracks. The sinking zones should be
considered as potential hazards in the near future. Adequate attention should,
therefore, be given to ways to treat these zones after detailed evaluation. To
increase the stability of slopes measures like easing of slope, cutting of benches,
nailing of soil etc., may be the basis for experimentation after a detailed study.
Large boulders, perched on hill slopes have, during this heavy rainfall, rolled
down the slope initiating debris slide. Further, these boulders have by their
impact damaged the road bench. The damage could be partially reduced had
these boulders been earlier removed and the slopes been eased prior to the
onset of the monsoon. Surficial slides noted in Kurseong and Darjiling
municipalities are due to construction activities in close proximity to streams
without adequate protection. The catchment of Pagla jhora has been the worst
affected area during the recent landslides. Widespread deforestation in the
catchment area and the heterogeneous soil cover lacking shear resistance are the
causes of such devastation. To save the situation, the waters of the Pagla jhora
should be controlled through a conduit to produce hydro-electricity or to divert
the Hill-Cart road to a new direction.
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Figurel.The study area in the Eastern Sudetes Mountains: 1-forested area, 2-valley sections under exa-

mination, ESM-Eastern Sudetes Mountains.

ring. Thick regolith covers of varied lithological structure and age were formed
during the cold Pleistocene periods (Czudek 1997, Klimek 2000). Depending on
the local variations in the lithology of the bedrock and on their position on the
valley slopes, these covers may include blocks of over two metres in diameter. In
other places, usually in the lover sections of less steeply inclined slopes, these are
mixed clay and block covers up to several metres thick, prone to liquefaction
when excessively saturated with water, particularly after heavy precipitation
(Photol).

The accumulation of coarse-grained alluvia in the valley floors (the Bila Opa-
va and the Bela valleys) dissecting the northeastern slope of the Praded massif
(1491 m a. s. 1.) exhibit braided river patterns in many places. This indicates the
occurrence of large, short-duration floods in the past, with led to the accumula-
tion of these coarse alluvia. This paper attempts to investigate the reasons for
these phenomena and the time when they occurred.
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Figure 2. The sub-fossil braided river pattern in the upper course of the Bila Opava valley: 1-valley slopes,
2-sub-fossil braided river pattern, 3-residual boulders, 4-palaco-flows, 5-present-day channel, 6-rapids.

Photo 2. The residual boulders below the undercut of palacobar edge in Bila Opava valley.
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Spruce tree growing on the valley side colluvium
50-52 annual nngs 1.5 m above ground level -
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Figure3. The tree-ring grown increment (1.5 m above ground level) of spruce overgroving the debris

flow niche on the Bila Opava steep valley side.

Detailed research of one of the niches created by mud-debris flow on the steep
valley side of the Bila Opava above Karlova Studanka has indicated that tree
trunks, which had been felled earlier and were already partly decomposed (the
position of the root mass mixed with clay were preserved), where overgrown with
even-aged spruce forest (Photo 4). Tree growth analysis conducted at the height
of 1.5 m above the ground level indicated 50-52 annual rings (Figure3). Taking
into account the time required for the succession of forest communities and the
time required for the spruce to grow to the height of 1.5 metres, we can deduce
that the mud-debris flow occurred here around 1940, probably after heavy preci-
pitation on 1 September 1938 or 18-19 May 1940, when the gauge station Vidly
located 2.5 km to the north recorded 122.7 mm of precipitation (Polach and Ga-
ba 1998). It is obvious that the processes of slope cover supply into the upper re-
aches of the Bila Opava and the Bela were the most important, and in many pla-
ces the only source of point supply of bed load into the river channels cutting
through the northeastern slope of Hruby Jesenik massif.

Sediment supplied from the valley sides into the river channels caused the al-
luviation of the valley floor in headwater areas. In the case of very heavy precipi-
tation and the resulting large quantities of running water, these streams were
able to selectively ‘sort’ and redeposit the material supplied from the valley sides.
Such a situation, caused by extreme precipitation, occurred in the past in the
upper reach of Bila Opava Valley above Karlowa Studanka.

THE AGE OF EXTREME FLOOD

The Hruby Jeseik massif receives 1500-2000 mm of precipitation per year.
The major part of the intensive precipitation is linked to synoptic situations, in
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which the cyclones from western, south-western and southern directions create
conditions for continuous heavy precipitations in Central Europe (Stekl et al.
2001). The probable maximum precipitation in such situations reaches 300 mm/2
hours. Such heavy rainfalls trigger large floods.
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Figure 4. The tree-ring grown increment (1.5 m above ground level) of spruce overgrowing the palaeo-bar

of Bila Opava valley: 1-supposed young spruce germination, 2-boulder bar deposition/flood occurrence.

Floods in this part of the Eastern Sudetes were mentioned as early as the 15th
century (Polach and Gaba 1998). Records concerning the quantity and intensity
of precipitation have existed since 1889 (Sekl et al. 2001). Tree-ring growth incre-
ment analysis indicates that the oldest spruce growing on the braided river pat-
tern in the upper course of the Bila Opava valley may be more than 75 years old.
Taking into account the time required for the formation of the initial soil and the
succession of pioneer vegetation, the spruce succeeded here around the turn of
the 20th century (Figure 4). This suggests that the large flood which causes the
braided river pattern formation in the valley section under investigation occur-
red not later than at the beginning of the 20th century. Meteorological sources
indicate that, during this period, heavy precipitation in the region if the Hruby
Jesenik massif occurred in 1897, 1899, 1900, 1902, 1903, and 1906 (Polach
and Gaba 1998, Stekl et al. 2001). The heaviest precipitation, which caused floods
throughout all of Central Europe, occurred in July 1903. On 9 July 1903 monito-
ring stations situated within Hruby Jesenik massif, at the height of 310-775m a.s. 1.
received over 200 mm of precipitation: Nova Cervena Voda —240.2 mm, Rejviz
-221.0 mm, Sumny Potok -217.7 mm. The hilltops of the massif, located at 1200-
1400 m a. s. 1., which form the headwater area of the Bila Opava and Bela river
tributaries, could have received much more precipitation. This caused catacly-
smic floods in the upper reaches of the rivers flowing from the area, which were
mentioned in many local chronicles and publications (Palach and Gaba 1998).
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Figure 1. Sketch map showing the location of main study areas in the Ecrins massif, French Alps.

ties in valley floor evolution during Little Ice Age (LIA) deglaciation in the Massif
des Ecrins (Barre des Ecrins 4102 m as.l., La Meije 3982 m; N 44°7, E 6°2).
Reconstruction of past geomorphic events was possible by using lichenometry
for dating landforms and sediments in the foreland of melting glaciers. The gla-
cifluvial, fluvial and slope processes were conditioned by climatic changes. The
complexes of forms such as moraine ridges, glacifluvial fans, alluvial/glacifluvial
terraces in the bottoms of the main valleys, as well as lateral glacifluvial cones in
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Low Bains (000 = 48

Figure 2. Long-profile of the Vénéon valley. 1 — crystalline bedrock (rocwall), 2 — step of hanging tributary valley, 3 — recent surface of main glacier,
4 — recent hanging glacier, 5 - front of glacier in hanging tributary valley, 6 — glacifluvial cone, 7 - rockfall/rockslide cone, 8 — talus cone, 9 — alluvial talus cone,
10 - glacifuvial/fluvial plain in valley floor, 11 - recessional moraine stage dated by lichenometry, 12 - lichenometric data (AD), 13 — Rhizocarpon mean max
lichen thalli diameter in mm, 14 — moutain refuge (challet), 15 — confluence of Etangons and Vénéon torrents, L - left side landform, R - right side landform.

gradient in %, CR-Coste Rouge cone, CF-Cloute Favier.
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For explamation to symbols see Figure 2.
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Figure 4. Long-profile of the Etancons Veneon valley.
For explamation to symbols see Figure 2.
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well preserved on the Plat des Etancons. The mean maximum diameter of lichen
on this moraine is 92.5 mm. Prolongation of this moraine is visible below the gla-
cifluvial fan from the Bonne Pierre valley on the flat surface hanging over the
incision of the Etangons gorge. The Bonne Pierre glacier at that time (the years
1640-1660) was probably feeding the Etangons glacier, whereas now the glaciflu-
vial fan formed during the younger recessional stage of the Bonne Pierre glacier
(the years 1835-1855) occupies the position of an older confluence of the gla-
ciers. The rocky step from 1860 to 1750 m presents the steep slope of the Veneon
valley above La Berarde village. This village is located on the glacifluvial fan
of the former Etancons Glacier, formed probably in the period 1640-1660 (dated
by lichen size on the left lateral moraine).

The gently sloping reaches of the valley bottom are affected by braided river
activity. In particular, in such reaches, in the Veneon valley, systems of glaciflu-
vial/fluvial terraces are present. The steeper valley bottoms are related to the re-
cessional moraine ridges and substantial cones created by debris flow and glaci-
fluvial activity at the mouth of hanging tributary valleys filled with small glaciers.
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Figure 5. Lichen growth curve for the Ecrins massif. Prolongation of the curve to AD 1500,

lichen size in m

partly based on lichen size data from the Ailefroide valley.

Using the lichenometric method we can distinguish the sequence of recessio-
nal moraine ridges. In the Etancons valley recessional moraine ridges, located
close to Refuge du Chétélleret, of stages E2 and E3 are dated because measure-
ments yielded mean max diameter of 60-70 mm (AD 1740-1780), and mean
diameter — 63 mm on the moraine E2, and 55-48 mm (the years 1795-1820) on
moraine E3, respectively. Moraine E3 could be correlated with an age c. AD
1810 by comparison with the age of a known recessional moraine located close to



Mmmwn oAk
- t‘:«-‘-r- 'rn‘ + - '*g "y .'.0.;.’ ’u_..’ I T

mbmmmvw» A ) 0 s
m-w-awnanm

e Ry Sse S A D
- ,' ‘m? MV} ’ﬂ&ﬂ{'l"tfu ﬂ"l}

c..'.-.:“ l'i.;&& ;-'m :
&Wpﬂazﬂwm

’ “‘qu—i-‘u’.l ‘— .-_.'.’

3 y e 5 . " “—n“‘-vn- v
,..t.(.;,-; = lﬁ"&mlb iA. Jh.,d AT
L 4

:m::mmg.e

e

http://rcin.org.pl



Maria Baumgart-Kotarba, Jean-Paul Bravard, Michel Chardon, Vincent Jomelli,
74 Stanistaw Kedzia, Adam Kotarba, Pierre Pech and Zofia Rgczkowska

VENEON 2008 m

Figure 6. Cross-profile of the Vénéon valley downstream of moraine ridges from AD 1850.
Mean lichen diameters for five largest thalli and calculated age.

C. Carrelet, the next reach, delimited by altitudes 1970 and 1870 m, is 2.4 km
long and slopes at 4.2 percent. This largest flat part of the bottom of the Vénéon
valley is up to 500 m wide. The extent of this reach is probably conditioned by an
extensive valley over-deepening at the junction of Chardon and Pillate-Vénéon
glaciers. The 1 km long section located upstream of the Carrelet plain has a 50-
75 m wide alluvial bottom sloping at 5-6 percent. The widening of the Carrelet
plain comprises a vast fan (350 m in radius) of the Chardon stream, active
Vénéon channels and a system of terraces of heights 5 m, 3 m and 2 m (Figure 7).
The 5-6 m high terrace can be related to the period before 1815, as the rounded
pebbles preserved in the paleochannels have lichens of 50-38 mm in diameter
(mean diameter 43.5 mm). The extensive level of the undulated plain, forming
the 3 m high terrace, can be dated at the years 1870-1890 based on the measured
lichen. At the level of the 3 m high terrace an inner reach (nearby slope reach),
was dated at 1852-1895 according to lichen, and an outer reach formed in 1875-
1895 can be distinguished. Braided rivers formed the 3 m high terrace, so that in
the vicinity there is material from bars that accreted during various floods. In gene-
ral, however, the outer reach of the 3 m high terrace is 20 years younger. Consi-
dering the mechanism of terrace formation by the braided rivers, it should be
emphasised that the functioning of paleochannels on the 5 m high terrace is as-
sociated in time with the oldest channels found on the 3 m high terrace. The 2 m
high terrace was formed in the period 1875-1895, i.e., in a similar period to the
outer part of the 3 m high terrace, but a mean age of the 2 m high terrace can be
estimated as 1880, i.e., 10 years younger than the younger part of the 3 m high
terrace. The lowest terrace level, Im high, has no lichen, because it is a part of
the active Torrent Vénéon fluvial system. It should be noted here, that according
to a tourist guide of 1854 (Roussillon 1979) the Chardon glacier terminated at an
altitude of 2000 m, i.e., it was about 0.5 km distant from the present-day Vénéon
channel. The 2 m high terrace below Refuge du Carrelet tourist shelter was for-
med in 1870-1902-1920 (Figure 7, profile P2). In profile P1 the 1.5-2 m high ter-
race consists of elements formed in 1888, 1922, 1930, 1916, 1915, which suggest
that the mechanism of this terrace formation was also the mechanism of forma-



NE , 0% VENEON-PLAN CARRELET 1909-1892 m R i
meo % T45-5(€)m EETa] LIESIET (V675198
B e | Tam - e ]

20
T2m -
% ) 20 ) ® ® ° 0 0
m&0y
P1
8sE 221G 1916 s
en2eN20mA 0 250
2.01 f ol
T15-2m :
(]

Figure 7. Cross-profiles of the Veneon valley: Carrelet terrace levels.
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tion of the braided river deposits. In profile PO there is only a 2-3 m high terrace
besides the 5-6 m high terrace. Both terraces are overgrown with grass, have a
developed soil horizon and their age cannot be determined by lichenometry. The
higher terrace was probably formed before 1815, as it is the same surface over
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Figure 8. Cross-profiles of the Veneon valley: Pierre Chamoissiere terrace levels.
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E. The next reach has a gradient of 4.3 percent and occupies the terminal
depression of recessional moraines V1 (lichen size 90-95 mm). At present, in this
reach there is a parking lot in La Berarde, which shows that areas of the alluvial
plain and the lowest terrace have been artificially levelled. A narrow ledge
of 4.5-6 m high terrace has been preserved on both sides of the Veneon torrent.
In Figure 9 fragments of 4.5 and 2.5-3.5 m high terraces are documented.

VENEON-la BERARDE 17256 m

T45m T2m T25-35m

[1930] [1934l(19501 [1934) [1967]
221002200 2150 @200 2121

Figure 9. Cross-profile of the Veneon valley: La Berarde.

The paleochannels dated by lichenometry at 1930 and 1934 were reconstructed
and fragment of bars of 1934, 1950, and 1967 rising 1-2.5 m above the present
channel are shown. Generally, this part of the alluvial channels was forming be-
tween 1930 and 1967. Thus, this braided plain has formed since 1930, so one co-
uld conclude that after 1930 no significant dissection occurred apart from nor-
mal braided river activity. Some 60 m below this cross-profile and above the he-
licopter landing (Helistation) bare granite bedrock is found (Figure 10). Lichen
diameters on this granite surface change with distance from, and height above, a

VENEON-la BERARDE 1720 m

Figure 10. Cristalline bedrock topography in La Bérarde village dated by lichenometry.
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valley bottom during 17-18th century seems to be very slow. The rate of incision
grew after AD 1840.

S VENEON-PIECE du CLOT 1560 m N
T55m T75m
o 1835-1883 [1870-1810 &

D450 @400 21100 @100.0
|

0 50 0 150 200m

Figure 11. Cross-profiles of the Veneon valley floor below confluence of the Etancons

and upper Veneon valleys.

In the longitudinal profile of the Veneon valley (Figure 3) the maximum
extent of thel4.8 km long glacier is marked. This limit is determined by an arc of
the terminal moraine M1 preserved on the valley floor which forces the incised
Veneon channel into a distinct bend. The blocky moraine is on the left Veneon
bank. Unfortunately, measuring maximum lichen on this moraine was not
successful but moraine seems to be older than AD 1570. Below moraine M1 the
valley gradient is 1.3 percent.

FLUVIAL/GLACIFLUVIAL BRAID-PLAIN AND TERRACE LEVELS
IN THE ETANCONS VALLEY

The 8 km long Etangons valley is relatively broad when compared with the
Veneon valley and its width measured between the walls of glacial trough at their
lower parts is about 250 m. In this valley, the upper 3.8 km long glacially model-
led reach can be distinguished from the lower reach with an alluvial bottom and
gradient of 7.3 percent. The alluvial reach can be subdivided into two parts: the
higher one, 1.4 km long fed by a double, presently active fan of the Grande Ruine
valley, and the lower one fed from both sides by active fans. The latter are asso-
ciated with du Plaret and Arena glaciers in the west and the hanging de la Sane
valley, without a glacier at present. The Etangons stream pressed between these
fans formed an extensive 200 m wide alluvial plain upstream and 150 m wide plain
downstream. An inflection point marked in the Etancons longitudinal profile
(Figure 4) indicated aggradation in the reach above the fans forced by the valley
narrowing. The alluvial reach down valley from the narrowing is mainly fed by
melting glaciers in the hanging valleys.
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reaches along transect across the Grande Ruine cone

Figure 12. Lichenometric data showing distribution of Rhizocarpon lichens on N-S transect

across the Grande Ruine cone.

A. The percentage of vari-aged material on both glacifluvial fans formed at
the foot of a rocky sill of the Grande Ruine glacier cirque has been examined.
These fans formed due to intensive melting of the Grande Ruine glacier after
the retreat of the Etangons glacier from this section. Because of non-uniform
melting, conditioned by shading of the north-facing cirque walls, the Grande Ruine
glacier formed two interlocking glacifluvial fans, which pushed the Etangons
stream onto the opposite western slopes in the valley reach from 2170 m to 2080
m a.s.l. The spatial distribution of the parts of the cones, which are uniform, and
of the same age shows that they developed from AD 1770 (lichen diameters
61-59.1 mm) to 1805-1825 (lichen diameters 52.8-46.6 mm). The material of the
years 1839-1851 (lichen diameters 44.0-40.8 mm) is preserved most commonly
on the fans. After that period development of particular fans is more differentia-
ted. Activity of the lower cone intensified after 1861 (lichen diameter 38.8 mm)
and continued until 1902 (lichen diameter 27.7 mm). In this period the activity of
the second cone was limited to its left side and lasted to AD 1912
(lichen diameter 25.7 mm). Due to the glacier retreat towards the north-facing
slopes, the material was subsequently transported only in the lower gorge dissec-
ting the cirque threshold of the Grande Ruine valley, and only the lower fan was
developing. The youngest fragments on this fan are dated at 1962. In the central
part of this fan, a trough with the 1 m high erosional level was incised. At present
glacier waters use this trough. On the upper fan, fresh material is found on its right
outermost fragments. The fan relief modelled in the periods mentioned above
has been reconstructed based on the transects running in the lower parts of these
fans, because in the middle parts of the fans and at their apices lichens of smaller
diameters dominate which suggests accretion of these parts of the fans. During
the development of the great fans of Grande Ruine, barricading the main valley,
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Figure 13. Valley floor landforms and floorplain age according to lichenometric data — Etangons
braided system differentiated according to lichens sizes. Terrace levels: 1 — @ 56 mm, 2 — @ 42 mm,
3 - 36-37 mm, 4 — @ 28-30 mm, 5 - @ 23 mm, 6 — @ 13-15 mm, 7 — rockfall/rockslide deposits,

8 — older glacifluvial cone — @ 35 mm, 9 — younger glacifluvial cone — 16 mm, 10 — debris flow levees

and tongues, 11 ~ avalanche slope, 12 — erosion edges of terrace.

the head glacier of the Etancons valley was retreating from moraines E2 and E3,
i.e. from the positions above and below Refuge du Chateleret (alt. 2225 m) tou-
rist shelter. Downvalley, from 2170 m to 2080 m, the valley bottom is relatively
narrow over the 400 m long section, is 50-70 m wide, and dissects the level pre-
served at the foot of the right slopes shaped by avalanche activity (Figure 4).

B. Geomorphologic mapping has been carried out in he best developed sec-
tion of the valley with the braided channels and the age of the forms determined
by lichenometry (1960 — 1940 m a.s.l.). Figure 13 presents the setting of the chan-
nel, paleochannels and fragments of the alluvial level over the distance of 600 m
and 150m width. Characteristics of the alluvial terrace levels, bars and channels
are presented in three cross-sections (Figures 13 and 14). The channels are fed with
alluvial material by the Etancons stream and by a long slope modelled by debris
flows. In this reach the levels of the following heights can be distinguished: 3 m
above the present-day channel, 2.5-2 m — which is most common, and 1.5-1 m.
The latter levels have no shrub vegetation. The levels uncovered with vegetation
are characterised by mean maximum Rhizocarpon lichen: 13.6, 14.5, 15.6, 18.4 mm.
The higher levels partially covered with shrubs and bushes and trees can be
characterised by lichen sizes: 37.0, 36.5, 29.4, 29.0, 28.3 but also of the size of
42.4 mm. That refers to 2.5-2 m high terraces. The 3 m high terrace fragment is
overgrown with a compact vegetation cover and is adjacent to the fragment
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Figure 14. Cross-profiles of the Etangons valley floor located on figure 13.

of the boulder mound where lichen of the size of 56.6 m have been measured.
The sharp-edged blocks can be related either to a rockfall or to debris flow depo-
sition. On the neighbouring slope there are levees of the debris flows with dead
lichen 52.5 (lichen size 49-62 mm) (Figure 13). On the lower profile C the lichen
size of 42.4 mm refers to 2.5 m high level. In the 15 m wide overgrown paleo-
channels, however, the lichen of the mean maximum of 29.4 mm have been me-
asured. Thus, considering the 600 m long reach, one can state that in its upper
part the younger fragments occur 1-2 m high above the present-day channel.
These fragments were formed during the years 1955-1960, and a fragment of the
2 m high terrace originates from c. 1920. In profile B the paleochannels at the
height of 2 m were modelled during the decade 1950-1960, while in profile C
paleochannels at the height of 2 m were modelled earlier, i.e. about 1900. This
indicates that in the upper part of the reach aggradation occurs while in the
lower part, there is incision of the main channel when compared to the surface
modelled in the period prior to 1850. This evidences also that in alimentation of
the discussed alluvial reach longitudinal transportation predominates over the
supply from the slopes.

The alluvia of the terrace formed c. 1850 (lichen diameter 40-42 mm) corre-
spond with the most widespread reaches of the Grande Ruine fan dated at 1839-
1851 (lichen diameter 44-40.8 mm). Fragments of the younger terrace with
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Figure 1. Map of settlement history in the Myjava Hill Land.

Legend: I. boundaries of areas settled in different periods, 2. medieval castles, 3. boundaries of geomorphic
units, 4. boundaries of geomorphic subunits, 5. state boundary with the Czech Republic, 6. a) present-day
settlements, b) villages abandoned in the 14th and 15th centuries and not settled later, 7. railway roads,
8. water reservoirs, 9. streams, 10. territory settled in the 13th century and earlier, 11. territory settled
in the 14th century, 12. territory settled in the period from the 2nd half of the 16th century to the end
of the 19th century (the kopanitse colonization).

Geomorphic units: 1. Myjava Hill Land: 1.1. Branc Klippes; 2. White Carpathians: 2.1.
Zalostina Upland, 2.2. Javorina Highland, 2.3. Bosaca Klippes; 3. Povazie Basin; 4. Little Carpathians:
4.1. Brezova Carpathians, 4.2. Cachtice Carpathians; 5. Trnava Hill Land: 5.1. Sub-Little-Carpathian Hill
Land, 5.2. Trnava Loess Plain; 6. Lower Vah Flood Plain; 7. Bor Lowland; 8. Chvojnica Hill Land.
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Figure 2. Geomorphic map of the dry valley catchment westwards of the village
of Kostolné (including the relic, permanent gully network controlled
by artificial linear elements of the original landscape).
Legend: 1. flat bottom of main valley, 2. dry valleys, 3. remnants of older bottoms in dry valleys,
4. washed furrows incised in older bottoms of dry valleys, 5. shallow linear slope hollows of various origin,
6. permanent gullies, 7. colluvial fans, 8. landslides, 9. remnants of planation surfaces,
10. structurally conditioned elevations, 11. steps of old terraced fields, 12. stony agrarian elevations
(a. in the form of terraced steps, b. in the form of ridges)

1840s inclusive (Stankoviansky 2003a). There are some indications that those
parts of the study area, which were settled earlier could be affected by gully for-
mation even before the older of the identified periods (Stankoviansky 2003b),
but the assessment of still older phases of gullying was not among the goals of

this article.
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110 Klaus Heine and Hans-Peter Niller

Global Change research. Human changes to the earth system do not operate
in simple cause-effect relationships. Investigation of the complex interactions
between man and environment needs a multivariate and multidisciplinary
approach (Leopold 2003). To reconstruct past environmental conditions it is
important that several different methods are used to provide a collaborative
approach both to validating methods and in determining the driving forces of
geomorphodynamic changes. The South Bavarian loess area, the Danube valley
with its tributary valleys and the southern slopes of the western Bavarian Forest
(Figure 1) have been densely populated since prehistoric times. Thus, this area
can be used as a landscape model to explore the consequences of population
dynamics and/or climatic fluctuations for landscape evolution. Phases of denu-
dation and accelerated soil erosion, of floodplain sedimentation and of soil deve-
lopment illustrate how humans and climate have contributed to environmental
changes since late glacial times.

Straubing

Loess Rolling Hills
/ Landau
/
I
10 D
km
=
/‘.Gﬁdshuf
1 Bogenberg 5 Frauenberg 8 GroBe Laaber valley
2 Burgweinting 6 Reisbach 9 Kleine Laaber valley
3 Eggifing 7 Seedorf 10 Thalmassing
4 Essenbach

Figure 1. Map of the study area with locations.
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Steep Slope in the Foothills of the Bavarian Forest

Hiltop Upper Intermediate  Basal Floodplain
Slope Slope Slope
Loess/ Colluvial Depositional

Loess Loam Cones

Floodplain Loam

Tertiary

Gentle Slope in the Loess Rolling Hills

Upper Slope Intermediate Slope Basal Slope  Floodplain

Morphological
Depression Prehistoric Colluvia
\ = Intermediate Storage
\
,/ Prenhistoric-Historic
9 N / Depositional Cones

/ Historic Floodplain
Sediments
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a Brown Forest Soi .

nt - Design: T. Nuber, 2000
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116 Klaus Heine and Hans-Peter Niller

(CAL YR BP) Bogenbach valley Palaeomeander (Danube)  Kleine Laaber (valley)
1 colluvial deposits 1 1000 PR
floodplain loam 1 1400 S . oodplain loam
- 1 2600
2000 = no sed mentation
*=2700 colluvial
Fcolluviol deposits
) — colluvial depaosits pea :"’"j’ag hictus 4000
§5100
floodplain loam no sedimentation
*=6500
block floodplain so Ca CO3 -rich sodiments o= 7600  Ca COj3 -fich sediments
A000 —
7
0
Floodploin sediments
o | (sandy)
Floodplain sediments
00 (sandy)
+=13000
: loess (oqueous reworked)| |oess {aqueous reworked) Loess (aqueous reworked)
” & -
— ~ D 9 o -~ € _) [S]
"ﬂwml qruvd ~3‘ﬂu\m.'al gm —~ | o
~ — > W G F— 4 ﬂuw o\z-)
) —
- 16000-18000
| loess loess loess
|
£ 8700 onset of sedimentation (CAL YR BP <= 5500 end of sedimentation (CAL YR BP)

Figure 4. Chronostratigraphical framework of valley sediments in the loess rolling hills
(Kleine Laaber, location 9, figure 1) and in the foothills of the Bavarian Forest
(Bogenberg and Bogenbach, location 1, figure 1) compared with the stratigraphy

of a paleomeander of the Danube (close to location 1).

pe (Heine 1994, 2000, Heine et al. 1997, Lang et al. 2003, Niller et al. 1997, Nil-
ler 1998, 2001). An important steering factor with respect to the result of the ero-
sion and sedimentation processes is given by the late Pleistocene precolluvial re-
lief with its periglacial forms. The morphodynamic ‘cascade system’ (Figure 3)
describes the Holocene landscape changes. Colluvial sediments can be much ol-
der than floodplain sediments; Niller (1998, 2001) reports about a time gap be-
tween forest clearance by humans and the onset of accumulation of eroded soil
material in the floodplain areas of the smaller valleys of up to several centuries
and even of some millennia. The pre-existing Pleistocene relief controls the
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deposition of colluvial and floodplain sediments. The time delay between the ac-
cumulation on the slopes and in the valleys depends on the characteristic relief
configuration. Therefore, floodplain sediments alone cannot be used as geoar-
chives to explain the age, the nature and the extent of prehistoric soil erosion. By
no means, the chronology of the settlement and land use history of the investiga-
ted areas is documented in the floodplain sediment sequences. Furthermore, re-
cent studies show that the age of medieval colluvial sediments associated with
anthropogenic land-use changes are decades or even centuries older than the da-
ta of written documents from archives referring to the settlement progress
(Scheibe 2003).

O www SSE

| — UL

Figure 5. Schematic cross-section of the ‘Kleine Laaber valley’ (location 9, figure 1).
The upper cross-section (1) shows the detailed description of the sediments in the floodplain
and on the hills. The lower cross-section (2) presents a synoptic view. At this site of the ‘Kleine Laaber
valley’ the valley sediments are characterized by (base to top): fluvial gravels (Late Glacial) — aquatic
reworked loess (Late Glacial) — sandy floodplain sediments (Late Glacial / Early Holocene) — older peat
(Preboreal) — CaCO3-rich sediments (Atlantic/Boreal) — younger peat (Subboreal) - floodplain loam
(Subatlantic).
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S N

Alpine Foreland Bavarian Forest

CALYR

$000

10500

11%0

127001

14400
16000 Persgaca
18000/

Figure 6. Landscape dynamics, settlement development, soil formation and climatic deterioration and

their interactive relations in different parts of the study area.
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Figure 1. Location map.

The obvious rapid changes in Estonia have been rather well studied, particu-
larly over recent decades (Figure 1). They affect the environment on daily, se-
asonal, decadal, and longer-time scales and are important from both the geologi-
cal and social points of view, because local people have had to adapt themselves
to the rapidly changing environment. Rapid changes in natural environments are
also of fundamental importance for better understanding of human-induced
processes, which need to be recognized and managed.

IMPACT EVENTS

The role of impacts of large asteroids and comets in the geological and biolo-
gical evolution of Earth has been a subject of much recent debate. Several tens
of impact craters, ranging from Neoproterozoic to Holocene in age, and from
less than 100 m to more than 50 km in diameter, occur in both the crystalline ba-
sement and the sedimentary cover of the old East European Craton in the Fen-
noscandian—Baltic Region (Puura et al. 1994). The density of extraterrestrial
phenomena is highest in Estonia where impact craters have attracted the atten-
tion of scientists since the beginning of the 19th century. In Estonia, 15 impact
craters are known, and five meteorite falls have been registered during the cour-
se of the last two centuries. The size of Holocene craters ranges from 9 (Simuna)
to 110 m (Kaali main crater). The meteorites that formed these craters must ha-
ve been rather small.

The minimum size of a cosmic body that can cause a global catastrophe
should be several kilometres in diameter. The diameters of the cosmic bodies
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Figure 7. Human-induced changes in the catchment area of the Kasari River (after L. Veering, 1983):
1 —natural stream bed; 2 — regulated stream bed; 3 — artificial stream bed; 4 — lake; 5 — overgrown lake;

6 — artificial lake; 7 — former artificial lake; 8 — water reservoir.

Figure 8. Ruined Soviet missile base at Keila-Joa west of Tallinn on June 14, 1999.
Photo by A. Raukas.

ritory, have been constructed. Extremely great damage to the Estonian environ-
ment, estimated at about 4 billion US dollars (Raukas 1999), was caused by the
Soviet Army (Figure 8). There were 1565 military objects of the former Soviet
Union in Estonia, which occupied some 87,000 ha of land, i.e., 1.9 percent of Esto-
nia’s territory.
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Ikyr 1 kyr
Slope Mood. Sediment
plain com plexes
morphology 0.1 kyr
0.1
Hillslope Sediment
segments facies
Gullies 0.01 kyr
0.01 -
Hillslope "
eromon 0.001 Evcn'
0.1 kyr stratigraphies |~
SCars

Figure 1. Perception of ‘rapid’ change in relation to the timescale of enquiry.
Over periods of 0.001 k yr (1 yr) focus is on specific erosion and deposition events. When the time scale

is increased to 1 k yr, the reorganization of hillslope, piedmont and alluvial systems can be recognized.

Tebbens 2001, Lewis et al. 2001), and it also emerges from detailed studies of the
R. Vistula (Starkel 1995b, Kalicki 1996). Although the sampling and dating may
attain a century-scale resolution, there are good reasons to consider the millen-
nial scale of enquiry important. This is, first, because there is evidence for mil-
lennial-scale sub-Milankovich cycles of climatic fluctuation in the Quaternary re-
cord (Bond et al. 1997) and, second, because fluvial transformation in response
to environmental changes may operate on a similar time scale (Vandenbergh and
Maddy 2001). In the case of the Vistula, Kalicki (1996) is clear that the evidence
shows that the Holocene evolution is connected to climatic rather than anthro-
pogenic changes. In many areas this question remains a matter of debate, and
some forms of direct human intervention cause system changes on much shorter
timescales (bedload traps, channel diversion, rapid deforestation). This question
will not be pursued here. But it can be seen that our understanding of landscape
response to system changes is relative to the scale of enquiry (Figure 1).

ILLUSTRATIONS AND PROBLEMS

SLOPE FAILURES

Slope failures (landslides) provide valuable insights into landscape evolution,
because they are discrete events that create well-defined morphologies. In high
latitudes there is increasing recognition that landslide events tend to be clustered
in time and were particularly frequent following the final withdrawal of glaciers
after the Last Glacial Maximum (LGM). In some cases this is a paraglacial ef-
fect, due to glacial over-steepening, unloading, melting of ground ice, and the
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possibly to incision. The question for this discussion is the time necessary for
such extrinsic factors to become effective.

Slope and channel responses
Trend
B A A P :
-------------------------------- ,.,
.,'
'/
7’
/ Fluctuation
./v
7/

A | Channel responses 7

A 71

7
7/
/
,/’
A
A v
s
A
./.
Time ———— 1 ky

Figure 2. Schematic model to show the geomorphic responses to extreme events during a warming phase
(102 yr trend curve) of a sub-Milankovich climate cycle. Rainfall is assumed to increase during the period
and the impact of short-term fluctuation becomes greater towards the culmination of the warming
pharse, at B rather than A, although amplitude of the fluctuation may be similar in each case
(Reproduced from Thomas 2003, Sedimentary Geology 162, Late Quaternary sediment fluxes from
tropical watersheds, 61-81 with permission from Elsevier Science).

In NE Queensland, it has been shown (Kershaw 1978, Moss and Kershaw
2000) that climate began to deteriorate (becoming cooler, drier) after 79 tho-
usand years, a trend reinforced after 38 thousand years, though earlier clearance
by fire used by the recently arrived aboriginal population complicates palaeocli-
matic reconstruction (Turney et al. 2001). By c. 26 thousand years open sclero-
phyll woodland appears to have dominated the area. It is around this time that
fan building appears to have begun along the coastal lowlands fronting the east-
-facing escarpment (Nott et al. 2001, Thomas et al. 2001). At the LGM rainfall
may have been reduced by c. 64 percent. Subsequent warming of the post-glacial
climate probably began as early as 17-18 thousand years but the rainforest was
not fully re-established until after 12 thousand years (10 thousand years “C BP)
(Kershaw 1978, Hopkins et al. 1993). The fans in this area were incised after 15-
14 thousand years, and it is thought that this resulted from the kinds of change
outlined here.

In Africa, there is ample evidence for an early partial recovery of climate
after the cool dry conditions of the LGM (Gasse 2000, Thomas and Thorp 2003),
and lakes that had been low or even dry were refilled after 17 thousand years.
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John B. Thornes

relative scales

erosion (mm)
1000
10y
) 100
\ 2 10
{
| 1
\l 0.1
\
Vl‘ / ............ 0.01
X 1.000E-03
N -
- 1.000E-04
0 200 400 600 800 1000
event rainfall (mm)
—— R probability - chemical d. — - creep
water erosion

— - mass movements —— relative work

Figure 1. Work done by four processes at different rainfall event in the Llobregat catchment,

Spanish Pyrenees. From F. Gallart, 1995, p.359.

relative scales
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Figure 2. As figure 1. The same four processes are recorded, but the rainfall frequency distribution
used to calculate the work done by each process (and then summed to provide the total work done)
has a lower standard deviation (smaller spread) than that used for the calculations of the result shown
in figure 1. As a result, the pattern of total work done by events of different magnitudes and frequency
is also changed. From F. Gallart, 1995 p.361.
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162 John B. Thomes

which are widely occurring phenomena. Patrick (2000) found that crust morpho-
logy was a function of environmental variables controlling crust genesis and that
a crust’s appearance in the field could therefore be linked to infiltration values.
Escadafel (1989) has developed a methodology for mapping infiltration from
remote sensing, establishing the potential for integrating hydrological response
surfaces with hillslope models.

TOPOGRAPHIC CONTROLS IN HILLSLOPE-CHANNEL COUPLING

Kirkby, Bracken and Reaney (2002) studied the influence of land use, soils
and topography on the delivery of storm hillslope runoff to channels in the
Nogalte river basin in Murcia, southeast Spain. The runoff is ‘excess’ runoff, i.e.
the amount of runoff produced after a runoff threshold has been exceeded. The
main controls on the threshold rainfall are interception by plants leaves and
stems, interception on litter, depression storage and storage within the soil.
These are co-linear with and related to slope and prior soil moisture conditions.
Depression storage is strongly related to gradient. Topography at different scales
is shown (by digital simulation) to play an important role in delivery at different
scales. The ploughing direction (angle of furrow relative to contours) also plays
an important role in depression storage and hence runoff (Figure 3). Furrows
that are parallel to the contour have a far greater depression storage than a
purely random roughness pattern. At any other furrow orientation, depression
storage is always less than the purely random pattern.

PO Ty,
__._-._Lx,,"“.._i,.

Figure 3. Depression storage associated with random roughness imposed on regular furrows,
inclined at different angles to the contour. The unploughed case is also included for comparison.
From Kirkby, Bracken and Reaney, 2002.
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ty biomass (

Ve S00es Dased on wet simutation

CaN

Time in yoars

Figure 4a. V_ series for 100 years, based on rainfall showing regular oscillations typical of ENSO
affected rainfall regimes. An overall decline has been superimposed using a negative autoregressive

correlation after first 20 years. The initial value is 370gm/m>.
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Figure 4b. Actual growth rate (gm/m? ) according to logistic equation when forced with the series shown
in Figure 4a and with K=0.06.
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Figure 4c. Simulated vegetation biomass (gm/m?) for wet series using logistic equation and with K=0.06.



dv/dt=K.V,[1-V, /V )]
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« Series1

above ground
biomass(rms)

1 9 17 25 33 41 49 57 65 73 81 89 97
Years since start

Figure 5a.Simulated vegetation biomass (gm/m?) for wet series according to logistic equation

when forced with the series shown in Figure 4a and with K=0.01.

Im2)
/

above ground
biomass(gm

1 8 15 22 29 36 43 50 57 64 71 78 85 92 99
Years since start

Figure 5b. Simulated vegetation biomass (gm/m?) for wet series according to logistic equation

when forced with the series shown in Figure 4a and with K=0.09.

time to 250gms and the V100 are given in Table 1. It shows that, under the simu-
lated conditions, v = 250gms/m? is reached after 30 years for K = 0.01 and after
13 years when K = 0.03. When K = 0.05, the value is reached almost instantane-
ously and thereafter the value is reached with the first adjustment because the
starting value is very close to 250 grams. Although the system has not been run to
zero, the value reached after 100 years does show that, as K increases, the rate of
fall is significantly affected by K, such that the value of V100 is less as K appro-
aches 0.05, after which it stabilises notably to around 160 gms/m?.

The table shows the statistical characteristic of the key variables (VCap and V,
both grms/m?) simulated under dry and wet rainfall conditions. The mean value
of Ve for the dry series is 202.5 and for the wet series is 286.7. For the dry series,
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Wittt

Figure 6a. V,  values for dry series. An overall decline has been superimposed using an negative

autoregressive correlation after first 20 years. The initial value is 230gm/m?.

1 4 7 10 13 18 19 22 25 28 31 34 37 40 43 45 43 52 S5 55 81 64 67 70 73 78 70 82 85 83 Ot 94 97
years since start

Figure 6b. Simulated vegetation biomass (gm/m2) for dry series according to logistic equation

when forced with the series shown in Figure 6a and with K=0.06.

the variability of V, is almost twice that for the wet series. This reflects the wi-
dely observed higher variability of rainfall in dry conditions than in wetter condi-
tions.

The table also illustrates how the characteristics of the vegetation biomass
(Vt, gm/m?) vary according to the K parameter of the logistic equation for a gi-
ven rainfall series. It varies more with the higher K in the dry conditions than in
the wet conditions. This supports the widely held view that the probability of a
critical threshold being reached by an extreme event is higher under drier than
under wetter conditions.

The wet series starts at 370gms/m? and therefore (as shown in figure 4b) the
growth is positive in the early years, but later becomes negative. Table 1 shows
that the peak biomass is delayed systematically as K increases to 0.05 and the peak
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Table 1. Statistics for dry and wet series, Vcap and logistically generated vegetation biomass.

Dry Series Wet Series
5 Vt Vt Vit Ve Vt Vt Vt
K=0.01 | K=0.04 | K=0.09 K=0.01 | K=0.04 | K=0.09

Mean 202.5 238.0 | 203.123 209.1 286.7 285.0 2874
Standard error 393 1.45 4.03 293 2.70 1.87 2.86
Median 196.7 241.2 1974 206.36 292.5 288.7 291.8
Sample variance |[1514.6 | 205.001 | 1574.6 834.96 730.32 347.22 914.5
Kurtosis -0.366 -1.06 -0.41 -1.30 -1.209 -1.108 -1.204
Skewness 0.42 -0.5 0.432 0.017 -0.285 -0.44 -0.25

The table shows the statistical characteristic of the key variables (V,, and V, both grms/m?) simulated

under dry and wet rainfall conditions. The mean value of V___ for the dry series is 202.5 and for thewet

caj
series is 286.7. For the dry series, the variability of V is alrrl;ost twice that for the wet series. This
reflects the widely observed higher variability of rainfall in dry conditions than in wetter conditions.

The table also illustrates how the characteristics of the vegetation biomass (Vt, gm/m?) vary according to
the k parameter of the logistic equation for a given rainfall series. It varies more with higher K in the dry
conditions than in the wet conditions. This supports the widely held view that the probability of a critical

threshold being reached by an extreme event is higher under drier than under wetter conditions.

is reached earlier thereafter. One hundred years after the shock to the system,
with the wet series, the biomass has reached 265 gms/m? for K=0.01, 245 gms/m?
for K=0.05 and 237 gms/m? for K=0.09.

In summary these digital simulations illustrate that assuming that an extreme
shock to the vegetation occurs (e.g., fire, clearance or extreme removal by gra-
zing or massive soil erosion), the recovery pattern and timing depend on the en-
suing rainfall series, the growth coefficient of the logistic behaviour and the va-
riability of the driving force (rainfall in this case), in compliance with the theore-
tical behaviour described above. Moreover, if K can be thought of as a water-use
efficiency coefficient, then over long periods K itself could evolve in such a way
as to adapt the vegetation to the prevailing environmental conditions (as sugge-
sted by Eagleson (1982). Moreover, different species with different K values can
be expected to recover from extreme events at different rates, a factor which ne-
eds to be taken into account when deciding on a mitigation strategy for land de-
gradation.

CONCLUSIONS

The role of extreme events is important for a variety of geomorphological
processes and has to be accommodated in problems of environmental manage-
ment as firmly established by Starkel (1976) and Starkel and Froelich (2000) for
the Darjeeling Himalayas and by others for dry-lands in the Mediterranean, the
United States, Canada and Southern Africa.
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g

ved interpretations of landform origin, definition of relict materials, assessments
of slope stability and frequency, greater knowledge of sensitivity to change,
greater confidence in prediction of ground conditions and evaluation of hazards.

The purpose of this paper is therefore to describe the nature of modern geo-
morphology and discuss how we might base our assessments on new approaches.

APPLIED GEOMORPHOLOGY

Geomorphology is the study of the forms of the surface of the earth, their
origin, the processes involved in their development, the properties of the mate-
rials of which they are made and predictions about their future form, behaviour
and status. Applied (e.g., Engineering) geomorphology is the application of this
knowledge and the techniques involved, to the solution of a planning, conserva-
tion, resource evaluation, engineering or environmental problem (Brunsden
et al. 1978).

The story of how ‘engineering geomorphology’ and ‘geomorphology for plan-
ners’ developed in the UK is well known and has been described many times
(Brunsden 1985, 1996, Brunsden et al.. 1978, Cooke and Doornkamp 1974, 1990,

Table 1. Prospective clients of applied geomorphology.(Includes primary clients, who require and pay for
development, and implementing clients, who design and construct the project and employ the specialist
consultant).

Require advice on specialist aspects of geomorphology, including mapping. It is not
an easy task to record the shape of the landsurface nor to correctly identify landforms
or relate form to process.

Geologists

Require a cheap reliable service giving common sense advice and reassurance. They
Developers may also need the services of an expert witness through their solicitor in cases where
they confront a land problem or wish to oppose a development.

Consulting Require independent advice on the viability of a scheme in relation to ground
ENZINCELS conditions, processes and impacts.

Require specialist advice on natural landforms, processes, materials, mechanisms,
erosion, deposition.

Planners

Require assessment of ground conditions and hazards which may provide a
Government constraint on a planning proposal. A vital process is the avoidance of hazard by
zonation and legislation rather than an expensive engineering solution.

Require a scientific basis for policy advice on the management of the environment
and the mitigation of hazard.

Reinsurance

Require an assessment of natural disasters, ground and environmental conditions in
Lawyers order to assess vulnerability and risk and to respond to a request for cover, a claim
for damage or loss.

Require expert witnesses or other litigation guidance.

Require a scientific basis for environmentally sensitive developments, evaluations of
the viability of a scheme, expert panels to oversee or approve major developments or
expenditure, rapid response teams in cases of disaster, technical workshops and
educational programmes.

International
agencies
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Tabele 2. Natural preparatory and triggering processes in geomorphology (Brunsden 2001).

System Morphological
specifications control Geological control Hydrological control
Erosion-transport Structure Lithology Ground Surface
processes water water
Preparatory Undrcutting Stress relief Weathering Water Infiltration
process Headcutting Joint regolith and table Runoff
Sediment transport | Formation colluvium depth | levels freezethaw
Deposition Softening
Forcing Environmental/climatic change
functions Slope ripening
Anthropogenic changes
Specification Geometric Change | Permeability Regolith depth | Flow net | Infiltration
change Angle strength chemical and pore capacity
Height physical pressure | runoff
lenght properties values coefficient
ice growth
e.g., Direct Critical Critical Critical Critical Critical
tigger slope strength depth pressure volume
e.g., Mass L Rock Debris Rotational | Debris
Debris ] :
movement ; slide fall slide flow
slide
response

ronmental controls’ (Brunsden and Thornes 1979). In addition to the disturban-
ces applied to a system by the normal events, each dynamic system is subject to
changes in the controlling causal parameters. The main point being that all sites,
forms and processes will be subject to the episodicity and rhythms of Earth that
will alter the event sequences and magnitudes (Brunsden 1990).

Examples of forcing functions that affect the current geomorphological sys-
tems are, tectonic movements, active faulting and the seismicity, the varying sea
levels experienced during the lifetime of the landscape, the perturbations that
arise from changes in the environment (climate-vegetation), and the occurrence
of rare, formative, catastrophic events that may change the directions and ma-
gnitudes of evolution. For engineering and planning it is very helpful to determi-
ne whether a site has been or is being affected by low sea levels, by sea level rise
or changing climatic frequencies that cause increased erosion activity.

It is clear that the forcing functions are a direct cause of the diversity and
complexity of the earth’s surface. These impulses are episodic and complex in
nature at all scales. Therefore the changes to the systems will be episodic and
complex (Schumm 1973, 1977). If, following Fookes (1997, Fookes et al. 2000)
we intend to build ground models some attempt should be made to build in the
scales of these episodically acting controls.
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Table 3. Anthropogenic preparatory and triggering processes in geomorphology (Brunsden 2001).

System Morphological
specifications control Geological control Hydrological control
Construction Structure Fabric Ground Surface
water water
Preparation Cut/fill |Blasting Pile Chunam Tunnel Catch
process vibration | Rock anchor Shotcrete Drain Store
Pin Compact Supply Drain
Retain Grout Sewer Supply
Reinforce
Forcing Planning
functions Dynamic growth of city and infra-structure
Maintenance and control
Broken services
Specification Load Permea- | Bulk strength | Erosion Height Volume
change Unload |bility voids Strength voids | Pressure | Erosion
Slope Strength Internal
form erosion
Weep hole
Efficiency
Chemistry
.g., Direct Critical | Critical
SEee Ciritical stress and strength
tigger stress strength
e.g., Mass All forms | Rock falls | All forms Rotational | Debris
movement of slide |and slide Non- flow
response -circular

INHERITANCE AND SENSITIVITY

The engineering site and situation is created by the operation of the system
over time and the dynamic state is determined by the current activity and future
change. It is a system with a history as well as a current state. Many systems have
been running a long time, have suffered stresses, have failed, been repaired and
are considerably worn (Di Nocera et al. 1995). Many of the most serious pro-
blems faced by the ‘engineer’ arise from this fact and many of our greatest mistakes
have been result of a failure to recognise the signs of age and wear. In our
assessments of the current properties of the site it is essential to recognise the
inheritance.

It is helpful to place emphasis on the trends of change that are actually
in progress, e.g., tendency to erode, aggrade or move the location of activity.
In 1971, Bjerrum described the morphological discontinuity or erosion front,
where quick clay landsides were eating into a marine platform, following stream
incision in response to the tectonic uplift as a wave of aggression. The point
reached by the aggression should be regarded as the most fundamental of all
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