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1. Introduction

The disaster risks in Brazil stemming from excessive rainfall primarily manifest
as floods and mass movements, such as landslides [1] [2]. In fact, landslides are
the deadliest hazard in the country [3]. Notably, a significant landslide event in
the mountainous region of the state of Rio de Janeiro took place in 2011, result-

ing in over 900 deaths and 300 missing individuals [4]. Following this tragedy,
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the Brazilian government established the National Center for Monitoring and
Early Warning of Natural Disasters (CEMADEN) in 2011.

Other severe landslide events include those in the Itajai Valley, Santa Catarina,
in 2008, which caused over 130 deaths and displaced thousands [5]. Recent
events in Petrdpolis, Rio de Janeiro, in early 2022, led to over 240 fatalities [6]
[7]. Furthermore, a large-scale disaster struck Recife, the capital of Pernambuco,
in May 2022, causing more than 130 deaths [8]. Given the high fatality rates
linked to mass movements, the study and prediction of landslides have become
paramount across several scientific domains.

CEMADEN, in particular, emphasizes the need to understand and predict
landslides. Their research ranges from slope stability studies [9] [10] to integrat-
ing various methods to address the issue [11] [12] [13] and even software devel-
opment for data analysis [14] [15] [16].

Mass movements can take various forms, including planar slides, rotational
slides, debris flows, and rockfalls. The rapid nature of some of these processes
makes evacuations challenging once initiated. Hence, the best strategy is often
preemptive evacuation based on predictive data. Despite the availability of rain-
fall data, accurately predicting the onset of certain movements, such as planar
slides, remains a challenge.

Mitigating such events requires structural interventions like drainage, con-
tainment, and stabilization on vulnerable slopes. Yet, a reliable Alert System, a
non-structural measure, is equally crucial. This system should have a precise
threshold to provide timely alerts for evacuations.

Post the Rio de Janeiro disaster, the Brazilian Government bolstered its pro-
tection, civil defense, and early warning systems [17]. In collaboration with the
Japanese government, they also sought to enhance their capacity for landslide
risk assessment, urban expansion plans, and disaster prevention strategies. This
cooperative effort involved multiple Brazilian ministries.

This collaboration birthed the Project for Strengthening National Strategy of
Integrated Natural Disaster Risk Management (GIDES) from 2013 to 2017. This
project focused on pilot municipalities such as Blumenau, Petrépolis, and Nova
Friburgo. A key component of the project was leveraging Japanese expertise in
landslide early warning systems. CEMADEN subsequently introduced a method
reminiscent of Japan’s, termed the Shared Method, which relied on a critical
threshold and support lines [18].

The ultimate goal is the integration of new methodologies to amplify compu-
terized monitoring, forecasting, and alert systems. This study aims to harmonize
monitoring with risk management actions, linking reference lines to prevention
and response measures at various governance levels.

This article’s primary objective is to introduce the system developed by
CEMADEN for early landslide warnings. The SNAKE System described en-
hances computerized monitoring and alert issuance. It assists in determining
critical rainfall thresholds for alerts and better informs evacuation decisions. A

case study from Petrépolis exemplifies the method’s operational efficacy.
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2. Empirical Thresholds for Critical Rainfall That Trigger
Landslides

Rainfall-induced landslides are triggered when specific thresholds—defined by
factors like precipitation, soil moisture, or hydrological conditions—are met or
exceeded [19]. Empirical thresholds for critical daily or hourly rainfall and pre-
ceding precipitation that can trigger landslides are determined by examining
rainfall events known to have caused landslides. This is especially useful when
the exact date, time, and prior precipitation data are accessible [20]. These thre-
sholds are typically derived by plotting the lower bounds of precipitation condi-
tions known to have caused landslides, using Cartesian, semi-logarithmic, or lo-
garithmic coordinates [21].

In numerous instances, landslides are influenced not just by the specific rain-
fall event leading to the landslide but also by prior rainfall. Empirical precipita-
tion thresholds considering these preparatory conditions recognize that preced-
ing rains can affect groundwater levels and soil moisture, which in turn act as
precursors to slope failures. This preceding rainfall data can be crucial in pre-
dicting potential landslide occurrences, offering a direct method to set a thre-
shold based on past rainfall patterns. When leveraging antecedent rainfall data to
forecast landslides, a key challenge is specifying the exact accumulation period
for the precipitation. While literature reviews show variation in the selected pe-
riods, it’s commonly observed that periods of 3 to 4 days are considered—owing
to soil studies that have indicated soil moisture dissipation beyond this time-
frame. The observed variability across different studies can often be traced back
to differing lithological, morphological, pedological, vegetative, climatic, and
meteorological conditions—all of which can contribute to slope instability.

The impact of antecedent rainfall generally diminishes as time passes from the
primary, triggering rainfall event. In light of this [22], drawing from [23], intro-
duced a method with a diminishing value to calibrate antecedent rainfall, often

referred to as “effective rainfall”.

3. Methods for Landslide Prediction—Shared Method

Landslide risk alerts typically hinge on rainfall accumulation thresholds. When
rainfall surpasses this operational threshold, a warning system is activated,
swiftly alerting residents and emergency services about potential landslides [24]
[25]. Such a proactive strategy is pivotal, not only for minimizing property
damage but, more crucially, for preserving lives. The predictive methodology
employed within the SNAKE System is termed the Shared Model. This model
represents a hybrid approach, incorporating elements from two foundational
methods: the statistical framework by [26] and the hydrological principles un-
derpinning Tank Model [27].

In their study, [26] formulated an empirical method based on the rainfall
events from January 22/23, 1985. These events precipitated widespread landslides
in the Serra do Mar Mountain Range, specifically within Cubatéo in the State of
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Sdo Paulo. The authors contend that the cumulative rainfall over four consecu-
tive days (termed “antecedent rainfall”) critically preconditions the landscape for
potential landslides. As this period unfolds, the terrain’s shear resistance wanes,
while external active forces intensify, amplifying the landslide risk. Consequent-
ly, short-term precipitation becomes a possible landslide trigger, colloquially
termed “triggering rainfall”. Accordingly, [26] determined their thresholds by
juxtaposing the 96-hour cumulative rainfall (x-axis) against the 1-hour rainfall
accumulation (y-axis).

In contrast, the Tank Model by [27] is a hydrological blueprint crafted for ru-
noff analysis. This model conceptualizes a multi-tiered tank system, spanning
one to three stages. Each stage mirrors flow conditions on both the slope and in
the valley. The volume held by each tank is a function of the accumulated rain-
fall and the interval post the rain event. Herein, the notion of the “rainfall
half-life” emerges as central. It demarcates the duration required for the rain-
fall’s saturation effect to halve. This half-life parameter (7) encapsulates critical
insights into soil infiltration, runoff, and water retention attributes, facilitating a
regional adaptation rather than a location-specific one. This parameter’s exact
value can be ascertained through myriad means: scouring relevant literature,
orchestrating lab experiments, or sifting through data from the CEMADEN soil
moisture observation network. As a result, the adjusted effective rainfall, incor-

porating the half-life, is computable via the ensuing equation [28]:
Rw = zali X Rli (1)

where we have utilized the following notation:

R, : Effective rainfall (mm).

a,, : Reduction coefficient for 7hours before (a,, =0.5"").

£ Number of hours of antecedence of the hourly rainfall considered in relation
to the current moment (hours).

T: Half-life, both for short-term and long-term rainfall (hours).

R, : Volume of /-hour rainfall before the current moment (mm).

The Shared Model employs a statistical framework that utilizes antecedent
rainfall to gauge disaster risk. It achieves this through two distinct configura-
tions of effective rainfall computation, as illustrated in Equation (1): one confi-
guration with a half-life of 72 hours and another with a half-life of 90 minutes.
With every new measurement from rain gauge stations, the effective rainfall is
recalculated. This dynamic approach facilitates continuous monitoring of risk
levels using thresholds, which will be elucidated subsequently. To establish these
thresholds, an intimate understanding of the monitored region is essential, pri-

marily derived from historical rainfall data and past disaster records.

3.1. Definition of Homogeneous Blocks and Corresponding Rain
Gauges

Setting up thresholds can be an expensive process, especially when dealing with

many stations. Moreover, there are instances where the available disaster records
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are insufficient to determine individual thresholds for every station. A potential
solution to this is to group stations that share similar characteristics.

Figure 1 illustrates an example of such a grouping. This classification should
consider the variations in triggering conditions influenced by factors like preci-
pitation, topography, geology, soils, vegetation, land use, and vulnerabilities.
Ideally, unique thresholds should be designated for each valley or slope. Howev-
er, when there are shared characteristics such as topography, geology, vegeta-
tion, and climate, a singular threshold can be practically applied across multiple
slopes and valleys. As a result, regions with comparable event probabilities (both
in terms of primary causes and triggers) are zoned and evaluated using the same
risk criteria. In the absence of distinct variations in event likelihood, areas are

determined based on the municipal scale.

3.2. Rainfall Series with Landslide Events

The subsequent step is to gather and systematize rainfall data related to events.
This data is sourced from historical disaster records, which include documents
like Civil Defense reports, forms, newspaper articles, and more, as well as from
interviews. Additionally, it’s crucial to consult data from the closest automatic
rain gauge located in the risk zone of the reported incident or disaster. For each
documented event, essential attributes are recorded: the type of process, the
geographic coordinates of the event’s epicenter, date and time of the occurrence,
the name and code of the nearest automatic rain gauge, and the distance be-
tween this rain gauge and the location of the event.

Having access to precise data is critically important. The effective rainfall for a
series of events is determined by the exact timing (down to the hour and minute)

of the occurrence, with the greatest possible precision (in this context, every 10

® No correlation of rainfall distribution between A and B;
® High correlation of rainfall distribution between A, C and D

Block AB < “ YY)~

Figure 1. Example of definition of blocks for threshold calculation, according to criteria
of physical environment and pluviometric correlation.
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minutes). This precision takes into account the current data collection intervals
of both automatic rain gauges and weather radars. For past events, an exhaustive
data search from public institutions is often mandatory. This is because it might
not always be possible to clearly identify the type of event (for example, distin-
guishing between a planar landslide and a debris flow) or to pinpoint the exact
moment the event took place. Additionally, it’s ideal for the events to occur

within a 3 km radius from the rain gauges.

3.3. Calculation of the Threshold (Critical Line—CL)

The effective rainfall values obtained from monitoring, as calculated using Equa-
tion (1), are employed to set warning thresholds. Consequently, each rainfall sta-
tion possesses a time series comprising two values: effective rainfall over 72
hours and over 90 minutes. Within this time series, specific points of interest are
chosen, which are then factored into threshold determination. The selection of
these points hinges on disaster records, with varying criteria for records in
proximity to disasters as opposed to those without disasters.

The most straightforward scenario is the selection of values adjacent to disas-
ters. In such cases, the last measurement taken before the event is picked. When
determining values to represent instances without disasters, it’s preferable to opt
for values closely mirroring those that instigate events, accentuating the border-
line value. To achieve this, a differentiation between rainy periods was estab-
lished, selecting the apex of each such period. A rainy period is defined as a con-
tinuous sequence of measurements, both preceded and succeeded by a minimum
span of 24 hours devoid of any positive rainfall records. From all the measure-
ments within a rainy period, the chosen value is the one that yields the highest

outcome when subjected to Equation (2):

2

D:(th) +(W1.5h )2 )

where we denote:
D: Relevance for selection.
W, Calculated value for 72 h effective rain.

W, 5 Calculated value for the effective rain of 90 minutes.

3.4. Drawing the Threshold: Critical Line and Support Lines

Once all the rainfall series for a specific block have been plotted, the threshold
(or critical line) must be established. This line should optimally differentiate the
rainfall series associated with events from those without any events. Ideally, it
should delineate the safe zone from the unsafe zone with maximum accuracy.

In Brazil, alarms are dispatched to the Municipal Civil Defense bodies, who
are charged with implementing mitigation strategies. Given that these entities
necessitate time to mobilize and initiate response measures, auxiliary lines are
also delineated. To this end, the historical rainfall data of the region is leveraged.
Each auxiliary line is crafted such that, even during bouts of intense rainfall,

there exists an hour-long interval prior to measurements surpassing the ensuing
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upper boundary. Consequently, Figure 2 serves as a hypothetical representation
of the critical and auxiliary lines. The auxiliary lines, designated as Very High
Probability of Events Line (VHP), High Probability of Events Line (HP), and
Moderate Probability of Events Line (MP), are formulated based on the maxi-
mum recorded 3-hour, 2-hour, and 1-hour rainfall, respectively, across all the
rainfall series.

In Figure 3, we illustrate a real-world example of a set of Critical and Support
Lines for the city of Floriandpolis, situated in the state of Santa Catarina, in the
southern part of Brazil. In the depicted figure:

CcL - Critical Line

) ) HPL - High Probability Critical Line
Maximum 3-hour rainfall VHPL - Very High Probability Critical Line

MPL - Moderate Critical Line

Maximum 1-hour rainfall

1.5 hour effective rainfall

72 hour effective rainfall

(a) Support line criteria based on
historical rainfall series.

Figure 2. Schematic of critical and support lines.

50 -

N w N
o o o
L L L

90 minutes effective rainfall (mm)

=
o
L

o —— Moderate probability line
High probability line
Very high probability line
Critical line

e Rain without events

e Rain with events

5I0 160 . . l_‘l>0 Z(IJO 2_‘;0
72 hour effective rainfall (mm)

Figure 3. Critical and support lines for Floriandpolis city (Santa Catarina state). Station 420540702A.
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* The blue line represents the Moderate Probability of Events Line (MP).

* The yellow line corresponds to the High Probability of Events Line (HP).
* The orange line denotes the Very High Probability of Events Line (VHP).
* The red line stands for the Critical Line (CL).

Blue points indicate rainfall that did not result in landslides, while red points
are tied to events that triggered such landslides. A discernible pattern is that all
logged events transpire after the alert lines. Three events occur shortly after the
MP alert line. Such alerts are especially vital in Brazil, where a large number of
events arise from marked anthropogenic impacts on the stability of inhabited
slopes. This instability often stems from subpar construction methods and in-
adequately planned drainage systems. These incidents, being smaller in scale,
pose prediction challenges due to the high variability of influencing factors, both
spatially and over time. Such inconsistency is largely attributed to the ever-evolving
nature of slope habitation.

Furthermore, three events showcasing significant rainfall accumulation are
evident, all of which transpire post the Critical Line. Events with such consider-
able accumulations inherently carry a more destructive capability and present

heightened risks to human life.

4. SNAKE Curve

To determine if the effective rainfall in the current series has entered the unsafe
zone, we construct the “Cobra Curve”. This process involves plotting the effec-
tive rainfall with half-lives of 1.5 and 72 hours using real-time data from the plu-
viometer as new measurements become available. These data points are pre-
sented on the same graph, juxtaposed with the Critical Line (CL) and the sup-
port lines: Very High Probability of Events Line (VHP), High Probability of
Events Line (HP), and Moderate Probability of Events Line (MP). As an exam-
ple, Figure 4 illustrates this for the city of Petropolis, in the state of Rio de Ja-
neiro, during the rainy season of 2021/2022 (from 10/01/2021 to 03/31/2022).

The dynamic progression of the Cobra Curve aids in discerning if it has
reached or surpassed the support lines (VHP, HP, and MP). In essence, this
curve provides a visual representation not only of how the effective rainfall from
the current series encroaches into the unsafe zone (by meeting or exceeding the
threshold lines) but also how it stands in relation to the support lines and the
critical line itself. As a result, when a specific pluviometer registers rainfall, the
trajectory of the Cobra Curve relative to that rainfall can be closely monitored.
Upon reaching each support line, the system dispatches a notification to the
Operational Room operators. Armed with this information, alongside other vital
parameters like weather forecasts and historical disaster events, they can relay
alerts to the State and/or Municipal Civil Defense, enabling mitigation efforts or
potential evacuation of populations from high-risk zones.

It is worth noting that the Shared Method is adept at guiding decision-making

during both prolonged and intermittent rainfall scenarios. It not only aids in the
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Station 330390605G(PETROPOLIS).
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Moderate probability line
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72 hour effective rainfall (mm)

Figure 4. Cobra curve for Petrépolis (Rio de Janeiro state) for the rainy period of 2021/2022.

issuance of alerts and alarms but also offers insights for the coordination of

evacuation mobilizations and demobilizations.

5. The SNAKE System

Leveraging the cobra curve method, the SNAKE System was devised to serve the

following purposes:

* Monitor the cobra curve during rainfall within a municipality;

¢ Adjust the Critical Line and support lines upon the emergence of new inci-
dents in pilot municipalities;

* Enable the retrospective simulation of the cobra curve’s behavior during past
events.

The SNAKE System, now integrated within the CEMADEN platform, consists
of four distinct modules, each with its specific access:

1) Data Loading Module: Tasked with pulling data from the CEMADEN da-
tabase.

2) Calculation Module: This section manages rainfall sequencing, drawing
out features like peak rainfall, accumulated rainfall, and the like. It also runs a
range of half-life calculations on the received precipitation data.

3) Alert Level Monitoring Module: At set intervals, this module keeps tabs
on the alert level of every station and municipality, thereby activating the me-
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chanism for alert issuance and transmitting vital data.

4) Alert Emitter Module: Triggered by the alert level monitoring module,
this module is designated to assemble and dispatch alerts to contacts already
listed in the system.

The operations conducted by these modules occur seamlessly, hidden from
the user, and are executed on the machine hosting the application server. As
previously highlighted, the alert emitter module holds the charge of relaying
alerts to the pertinent bodies. The criteria for issuing these alerts are outlined in
the subsequent table (Table 1).

In summary, an alert is triggered whenever the cobra curve intersects any of
the critical lines as delineated in Table 1. Should the cobra curve reverse its tra-
jectory and cross any of these critical lines in the opposing direction, a CESSAR
alert will be dispatched.

6. Real Case Application—Petropolis/R]

In this section, we illustrate the practical application of the system using a
real-world event. We focus on the significant incident of February 15, 2022, in
Petrépolis, a city within the state of Rio de Janeiro. On this day, the city faced a
torrential rain event, leading to devastating floods and landslides. This calamity
resulted in the tragic death of over 240 individuals. The area hardest hit was
Morro do Centenario, where a landslide at 21:30 UTC led to the obliteration of
roughly 50 houses and the grievous loss of nearly 100 lives.

Figure 5 showcases the SNAKE System’s reaction for the Sdo Sebastido Plu-
viometer (Code 330390604G) on that fateful day. This figure depicts the city’s
Critical and Support lines. The follow-up curve, represented by the blue line, is
populated with blue data points, each indicating measurements taken at 10-minute
intervals. The spacing between these points serves as a metric for rainfall inten-
sity. Evidently, the rain’s intensity was alarming, resulting in rapid accumula-
tion. The SNAKE system dispatched a Moderate Probability alert at 19:30 UTC
as the curve exceeded this delineation. A mere 10 minutes later, at 19:40 UTC, a
High Probability alert was sent out due to the substantial rainfall accumulation
over this short time frame, pushing past both the High and Very High probabil-
ity thresholds.

Table 1. Transition rules for alert issuance.

Status Alert Issued
Exceed the MPL 1 Moderate
Exceed the HPL 1 High
Exceed the VHPL 1 Very High
Regressed to MPL | Cease Moderate
Regressed to HPL | Cease High
Regressed to VHPL | Cease Very High
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Station 330390604G(PETROPOLIS).
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Figure 5. Cobra curve generated by the SNAKE System for the city of Petrépolis (State of Rio de Janeiro) on February 15, 2022.
Highlighted are the moments of alert issuance by the system and the timing of the occurrence at Morro do Centenario.

Reflecting on this case study, the SNAKE system’s first alert was conveyed 2
hours before the disaster, while the Very High Probability alert was sent 1 hour
and 50 minutes prior to the catastrophe. These timelines emphasize the SNAKE
system’s considerable promise in enhancing CEMADEN’s alert dissemination

efforts.

7. Conclusions

CEMADEN has introduced the SNAKE System to monitor risk conditions in
selected cities, leveraging the critical and support lines of the Shared Method.
The system utilizes precipitation data from pluviometers stationed in pilot mu-
nicipalities. Its primary objective is to alert authorities about potential risks of
mass movement processes, such as planar slides and debris flows, thereby enabling
the proactive evacuation of residents from vulnerable areas.

Each crossing of the critical and support lines signifies an operational stage for
CEMADEN, guiding the issuance of alerts. It also dictates specific actions—
whether inspection or evacuation—to be undertaken by the Civil Defense, in
collaboration with the local population. The efficacy of this method, as show-
cased in CEMADEN’s Operations Room, confirms its robustness and suitability
for monitoring high-risk municipalities. Notably, it offers clear and objective

output for the operators, ensuring timely and effective response.
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Future work to be undertaken will focus on developing more sophisticated
methods for defining the Critical Line and support lines, aiming to enhance the
system’s precision and its ability to accurately represent the actual conditions of

the monitored areas.
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