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Debris Flows: Disasters, Risk, Forecast, Protection

CeneBble MOTOKH: KaTaCTpO(bI)I, PUCK, IPOTrHO3, 3alIUTa

A study on the integrated regional meteorological forecast and
warning model for geological hazards

J. Xu', C. Yang’, G. Zhang'

!National Meteorological Centre, China Meteorological Administration, Beijing, China

?Beijing Normal University, College of Water Sciences, Beijing, China

HccnenoBanue HHTErPUPOBAHHOI0 PErHOHAIBHOTO
METEOPOJIOrHYeCKOro MPOrHo3a U MOAEJIU MPeaynpexIeHUus
reoJIOrHYeCKHUX ONMacCHOCTen

K. Cro', K. sIur?, I'. XKanr'

1 . . .
Hayuonansnuiii memeoponozuueckuii yenmp, Kumatickas memeoponozuieckas
aomunucmpayus, Ilexun, Kumarti

2 . . .
Texunckuii nedazoeuueckuii yHugepcumem, Konneosc 6oonvix nayx, Ilexun, Kumail

WudopmanmonHas MoJieb aganTHPOBaHa JJIsl TOTO, YTOOBI HHTETPUPOBATH BO3MOIKHO-
CTH €CTECTBEHHBIX HAyK JUIS pacyera ysI3BHMOCTH OT T'€0JOTHYECKHX onacHocTei. Kom-
OMHAIMST METEOPOJIOTHYECKUX HAOJIOJICHUH 3a OCaJkaMH M JIOTUCTUYECKUX PacdeToB
UCIIONIb30BaHa ISl MOJICIIMPOBAHUSI BOZMOXKHOCTH (DOPMHPOBAHHUS OMACHBIX MPOILIECCOB
U TPeAyNpekaeHUs 00 ONAaCHOCTSAX, BBI3BAHHBIX JIMBHEBBIMH IOXISIMH. Monenb uc-
MOJIb3YET YMCIICHHBIE MPOTHO3bI OCAJKOB 0 TOYKAM CETKH B Ka4eCTBE JHHAMHYECKOTO
BXO/Ia M TPEJCKa3bIBAET BEPOSITHOCTH BO3HHUKHOBEHHWI! T'€OJIOTMYECKUX OIMACHOCTEH MO
TOM ke camoii ceTke. COMOCTaBICHNE MOJIEH C HaOM01aeMbIMH JaHHBIMU Ha 2004 rox
MoKa3bIBaeT, 4yTo 80 % reosornueckux ONnacHOCTeW roja ObUTM UICHTU(QHUIMPOBAHBI KaK
«JIOCTaTOYHO BEPOSITHBIE, YTOOBI BBHIITYCTUTH COOOIECHHE O MPEIYIPEKIACHUI).

An information model is adopted to integrate factors of various geosciences to estimate
susceptibility to geological hazards. Further combining of the dynamic rainfall observa-
tions, logistic regression is used for modelling the probabilities of geological hazard oc-
currences, upon which hierarchical warnings for rainfall-induced geological hazards are
produced. The forecasting and warning model takes numerical precipitation forecasts on
grid points as its dynamic input, and forecasts the probabilities of geological hazard oc-
currences on the same grid. Validation of the model with observational data for the year
2004 shows that 80% of the geological hazards of the year have been identified as “likely
enough to release warning messages”.

1 Introduction

Geological hazards such as landslide, debris flow and landslip are affected by various
geographical, geological and environmental factors. In addition to them, rainfall is always a
dominant triggering factor. According to a general survey covering all counties (cities) in
China carried out by the Ministry of Land and Resources, rainfall accounts for not only all the
debris flows, but 90% landslides and 81% landslips as well.

In recent years, remote sensing technology had provided abundant observational data
which are almost continuous in space; meanwhile GIS had been able to effectively integrate
observational data with various physical properties and spatial-temporal scales, to represent
the spatial patterns of attributes concerning rainfall-induced geological hazards (Atkinson &
Massari, 1998; Dai & Lee, 2002, 2003; Ohlmacher & Davis, 2003). On the other hand, nu-
merical weather forecasting technology had been able to provide precipitation forecasts for
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future 1-7 d in raster data format, with high spatial resolution of 0.5-5 km. These technologi-
cal developments have provided objective facilities to construct occurrence probability model
for rainfall-induced geological hazards with dynamic forecasting ability. The work reported
here adopts Logistic regression to construct Regional Integrated Meteorological Forecasting
and Warning Model for Geological Hazards (abbreviated to RIMFWMGH) with dynamic
forecasting ability. In the development of such a model, particular efforts had been made to
address the following two existing issues:

1) Spatial analysis of hazard-triggering precipitation. Precise retrieve of the historical
triggering rainfall at the very site where a hazard had occurred is a crucial point in the model
development. Former works simply use nearby rain gauge records to represent, by which trig-
gering precipitations are often underestimated. An effective spatial analysis technique, the
thin-plate smoothing splines method, is adopted in this work to retrieve historical hazard-
triggering precipitations as precise as possible.

2) Representation and integration of factors of geosciences. Under the conditions of
rich remote sensing data and various factors of geosciences, another crucial point in the model
development is to analyze the statistical correlations between occurrence probability of geo-
logical hazard and factors with various attributes, and then represent these correlations far-
thest in proper forms. Only through proper representations of the correlations between factors
of geosciences and geological hazard, can rainfall and factors of geosciences be effectively
integrated in the model, which enables the model to faithfully reflect the statistical correla-
tions between occurrence probability of geological hazard and factors, and to make realistic
forecast for occurrence probability of geological hazard. In this work, Information Model is
adopted to integrate factors of geosciences that have significant driving effects on geological
hazard occurrence, to provide a synthetic representation of hazard susceptibility distribution
as the background of the occurrence of rainfall-induced geological hazard.

The above issues addressed, Logistic regression is used to combine the dynamic rainfall
condition with the static hazard susceptibility distribution, to model the occurrence probability
of rainfall-induced geological hazard. This solution addresses by a great extent the problem of
effective combination of dynamic rainfall condition and static hazard susceptibility distribu-
tion. The RIMFWMGH is finally constructed.

2 Regional integrated meteorological forecast and warning model for geological
hazards

2.1 Model design

RIMFWMGH is the core of the operational system of meteorological forecast and
warning for geological hazards at the Central Meteorological Observatory. With the 24-hour
numerical precipitation forecasts and historical observations inputted, the system makes hier-
archical forecasts for geological hazards on grid points covering the whole country. The nu-
merical forecasts and daily observations are updated everyday, which are the dynamic inputs
of the system. Geological, geographical and environmental factors concerning the geological
hazards are the relatively static background. Accordingly, the model predictors consist of two
parts, representing the dynamic rainfall input and the static background. Logistic regression is
applied to integrate the two parts of predictors to model the occurrence probability of rainfall-
induced geological hazard.

The development of RIMFWMGH is a two-stage procedure. Stage 1: using Logistic
regression to build the hazard occurrence probability model with respect to historical hazards.
The historical daily precipitations at hazard sites retrieved through spatial analysis of rain
gauge records serve as dynamic rainfall input of the model. Since currently the warning sys-
tem operates only for rainy season (from May to September), historical hazard and rainfall
records during rainy seasons are taken only. Factors of geosciences sampled at hazard sites
are integrated by Information Model to serve as the relatively static background of hazard
occurrence. Stage 2: sampling factors of geosciences at grid points, then integrating them by
Information Model to serve as the relatively static background of the forecasting area. His-
torical precipitations at grid points are retrieved through spatial analysis, together with nu-
merical precipitation forecasts at same points to constitute the dynamic input of the model.
The occurrence probability model for geological hazards with inputs from grid points consti-
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tutes the RIMFWMGH, which forecasts the occurrence probabilities of rainfall-induced geo-
logical hazards at grid points in the forecasting area, and by translating them releases the hier-
archical warning messages.

2.2 Choices of model predictors

1) Rainfall predictors.

Both the short-term heavy rainfall and the continuous rainfall for several days can trig-
ger geological hazards of different types. Short-term heavy rainfall can be represented by 24-
hour precipitation of the day. For the continuous rainfall lasted for several days, because of
runoff and evaporation, total precipitation infiltrating the rock mass is less than the sum of
successively observed daily rainfall amounts, therefore the effect of the previous days’ rain-
fall on the hazard occurrence is evaluated by the previous working precipitation instead,
which is formulated as follow:

n
Rw — Z szl Ri
i=1

where R, is the previous working precipitation, R; is the previous ith day’s precipita-
tion, k is the damping coefficient which is set to 0.8 and # is the total number of days which is
set to 14. Since the great variation of the climate over China, hazard-triggering precipitation
varies in space accordingly. Therefore, either the daily precipitation or the working precipita-
tion is actually expressed in the relative form in the model, which is the ratio of daily or work-
ing precipitation to the long-term averaged annual precipitation. In addition, in case that nei-
ther the 24-hour precipitation of the day nor the previous working precipitation is heavy, the
continuity of the previous rainfall can also contribute to the triggering of hazards. Thus the
number of wet days during the previous 14 days is taken as a triggering factor into account in
the model.

2) Information model for geological hazard susceptibility assessment.

In this study, the Information Model is applied to integrate the geological and environ-
mental elements to assess the risks on sites where hazards occurred as the static background
of the forecast and warning model. Information Model has been widely used in geological
hazard risk assessment. It takes the studied area as a whole to evaluate the effect of a factor in
a certain state on the hazard occurrence at a spatial unit. The area in this study is the China
mainland with spatial unit set to 1 km”. Let S be the total number of units in the studied area,

S ;.4 be the number of units where the state of the ith factor is 4;, N be the number of units

where geological hazards occurred, N, , be the number of units with hazards occurred where

the state of the ith factor is 4;. For each unit where the state of the ith factor is 4;, the contribu-
tion of the factor to the hazard susceptibility at the unit, or the Information of the factor, is

N, /N
IiA» =ln Pl S
A S, /S

The sum of all the contributions of factors to the hazard susceptibility at the unit, or the
total Information of the unit, is

I=Zn:]i,A,
=l

The larger the total Information /, the higher the hazard risk for the unit.

This study uses elevation, slope gradient, height difference, fault density, seismic inten-
sity, rock mass classification and land use data. Information of each factor and the total In-
formation at each unit are calculated. The total Information at a hazard site is defined by the
total Information at the unit where the site locates. Consequently, the total Information of all
the hazard sites is obtained and is used as the static part of the model representing the influ-
ences of geological and environmental factors on hazard occurrences.

3) Logistic regression.

Logistic regression belongs to the family of Generalized Linear Models (McCullagh &
Nelder, 1989). In terms of the geological hazard forecast model, the response is the probabil-
ity p; for the ith case of hazard occurrence that is defined on [0, 1], whereas the predictors are

(i=12,---,n)
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the geological and environmental factors that are defined on (-o0, +o0). In order to build the
regression, a link function is introduced to map [0, 1] onto (-0, +). Specifically,

pl m .

I =p,+> Bx,,  (i=L..n)
1- D Jj=1

where f,(j=0,...m) are model parameters, x, ;(j =1,....m) are m predictors corre-

sponding to the ith case of hazard occurrence and g (i =1,....n) is the response to predictors

valued for the ith case. Model parameters can be estimated by the Maximum Likelihood
method.

2.3 Integrated meteorological forecast and warning model for geological hazards

In this study, precipitation and hazard records on wet days for rainy seasons during the
period from 1990 to 2004 are used as observational data, in which data for the period from
1990 to 2003 are used for model fitting, data for 2004 are used for model validation. Predic-
tors are selected as the same day precipitation, previous 14 days’ working precipitation, num-
ber of wet days for the previous 14 days and total Information.

The ANOVA results show that all the above predictors are significant at the level
0.001. For the standard errors of the fitted parameters it can be seen that the highest one is
taken for the total Information, which is only 1/7 of the fitted value. All the results show that
these factors are significantly correlated with the probability of hazard occurrence and thus
are proper predictors of the model.

3 Conclusion

The integrated meteorological forecast and warning model for geological hazards de-
veloped in this study shows that it is feasible to integrate the meteorological, geological and
environmental elements into a single model, which improves the meteorological warning
practices. Logistic regression is a powerful tool to implement the idea. Statistical tests and
validations by new data show that the model is capable to forecast and warn for geological
hazards, and is suitable for meteorological warning system operations.

The retrieving of historical precipitations at sites where geological hazards occurred is
one of the difficulties that must be overcome, and is a part that still needs improving in the
future. Thin plate smoothing splines are used in this study for spatial analysis of historical
precipitations at hazard sites. This method can take factors affecting the spatial pattern of
rainfall such as elevation into account and thus greatly improve the interpolation accuracy.
This method can satisfy the needs from the forecast and warning system operations, and has
great potential of further improvement.

Information Model is a simple and effective method for hazard risk assessment. The
current problem affecting the model performance is that the spatial resolutions of remote-
sensed data are not in agreement with the spatial scale of hazard events so that the data cannot
reflect the actual status of the site. To further improve the interpretation and classification of
remote-sensed data is crucial for a better performance of Information Model.
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