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Abstract: This paper investigates hydro-meteorological hazards faced by Sri Lanka, a lower-middle-
income island country in Asia. It provides a case study of a major hydro-meteorological disaster
incident that resulted in one of the largest landslides in the history of the country, the Post-Disaster
Needs Assessment (PDNA) process, and the national disaster response. Rainfall and flood inundation
data are provided for the whole country. The fact that data are held by several government agencies
(namely Department of Meteorology, Department of Irrigation, and NBRO), somewhat coordinated
by the Disaster Management Center (DMC) is shown. The need for more streamlined coordination of
hydro-met data with online access of data for researchers is emphasized. The flood disaster situation
and disaster declaration of the Western Province (which contributes nearly 40% of the GDP) is looked
at, and evidence is presented to recommend a smaller governance unit for future disaster declarations,
in order to bring aid to the places where it is needed and leaving other areas of the province to carry
on with the normal economic activity. An example of the use of climate change scenarios in rainfall
prediction is provided from a developed island nation (New Zealand). The need for Sri Lanka to
increase its spending for hydro-met services (both infrastructure and skills) is highlighted (the global
norm being 0.02 of GDP), as the return on such investment is tenfold.

Keywords: disaster response; post-disaster needs assessment; socio-hydrology; rainfall data; hydro-
meteorology

1. Introduction

Hydro-meteorology combines meteorology and hydrology to analyze the transfer of
water and energy between the earth’s land surface and the lower atmosphere [1]. The
management of incidents involved with high intensity precipitation and flood disasters
can be supported with hydro-meteorological approaches [2]. However, in some geographic
regions, data and information gaps such as unavailability, inaccessibility, or questionable
integrity and quality exist due to various reasons [3]. It is obvious that these gaps of data
and information can pose serious consequences when managing hydrological disasters.

The potential flooding damage of a precipitation event depends on number factors
including the total amount of rain, its intensity, etc. [4]. Few studies have discussed the
usefulness of the rainfall threshold, which is defined as the minimum or maximum level
of a quantity needed for a process to take place or a state to change [5], as a first step to
initiating flood warnings where hydrological simulations have not yet been performed or
where hydrological simulations are unavailable [2,5]. For both simulation modeling and
threshold-based warnings, the availability of quality data is important.

Earth 2022, 3, 1-17. https:/ /doi.org/10.3390/earth3010001

https:/ /www.mdpi.com/journal/earth


https://doi.org/10.3390/earth3010001
https://doi.org/10.3390/earth3010001
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/earth
https://www.mdpi.com
https://orcid.org/0000-0002-8201-3475
https://orcid.org/0000-0001-6618-7523
https://orcid.org/0000-0003-3998-2251
https://doi.org/10.3390/earth3010001
https://www.mdpi.com/journal/earth
https://www.mdpi.com/article/10.3390/earth3010001?type=check_update&version=1

Earth 2022, 3

On the other hand, in recent years, as a result of climate change, the increased fre-
quency and severity of rain-induced disasters can be seen [6]. Moreover, the significant
uncertainties associated with the climate change projections and the associated disasters
create challenges for decision-makers and practitioners on disaster management plan-
ning [7]. This is even more critical for developing countries where channeling funds for
hydro-meteorological approaches and establishing accurate data information systems is
a challenge.

In the 2012 Special Report [8] of Working Groups I and II of the Intergovernmental
Panel on Climate Change (IPCC: Managing the Risks of Extreme Events and Disasters to Ad-
vance Climate Change Adaptation), a negative trend of moderate rain events and a positive
trend in heavy and light rain events was reported for the Indian ocean monsoon region.

This paper looks at the types of hydro-meteorological hazards faced by an island coun-
try in Asia (Sri Lanka). It provides a case study of a rain-induced (hydro-meteorological)
disaster that resulted in one of the largest landslides (and loss of life) in the recorded history
of the country, and the disaster response process available for a middle-income country.
Such a study can be useful from the viewpoint of “social hydrology” as well, which is
a concept that has been in vogue since the early 2000s, as a means to better integrate
hydrological and societal processes and connections [9]. At the end of the paper, a discus-
sion is presented on how to improve existing hydrological data availability to local and
international researchers who can model, to predict future hazardous hydro-met events. A
developed island nation (New Zealand) is presented as an example of advanced modeling
capability including historical data and how different climate change (model) scenarios can
affect predicted rainfall amount, return periods, and rainfall intensity.

In the month of May 2016, parts of Sri Lanka were hit by the heaviest recorded rainfall
in more than 18 years, which caused severe floods and landslides, one of which was the
worst recorded in the country [10]. The Post-Disaster Needs Assessment (PDNA) for this
incident is presented in Section 3.3. The PDNA is an internationally accepted methodology
for determining the physical damages, economic losses, and costs of meeting recovery
needs after a natural disaster through a government-led process [11].

The river basins affected are looked at considering inundation data, availability of
rainfall data, quality of available data, and whether improvement opportunities are avail-
able (such as making data available to all stakeholders and researchers, recognizing the
ARI of the rainfall, considering climate change scenarios affecting rainfall prediction mod-
els, meeting funding requirements, and accessing the benefits of investment on climate
actions/modeling).

2. Materials and Methods
Study Area

Sri Lanka, an equatorial island country in Asia, is located between latitudes 5°55'
and 9°51" N and longitudes 79°41’ and 81°53’ E and has a maximum length of 268 miles
(432 km) and a maximum width of 139 miles (224 km) [12]. Sri Lanka has a population of
21.4 million [13] and a population density of about 350 per/km? [14]. Colombo (situated in
the Western province) is the commercial capital and the capital city Sri Jayawardenepura is
in the same metropolitan area.

Sri Lanka is susceptible to hydro-meteorological hazards arising from atmospheric,
hydrological, or oceanographic phenomena, as well as several other natural disasters. As
depicted in Figure 1, the range of natural hazards includes drought, floods, landslides,
tsunami, cyclones, high winds, lightning strikes, forest fires, urban fires, storm surges,
coastal erosion, sea-level rise, etc. Human-induced disasters such as deforestation, soil
erosion, indiscriminate (coral, sand, clay, and gem) mining, industrial and development-
induced road accidents, epidemics, and biological and garbage-induced disasters can also
affect the country. Out of 191 countries, Sri Lanka ranks 109th in the Risk Index and is
classified as a middle-level risk category country (Risk Index, compiled using 28 indicators
and research data on vulnerability and natural hazards) [15].
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Figure 1. Types of hydro-meteorological hazards affecting Sri Lanka (information source: DMC
2014 [16] developed further by the authors).

Natural disasters have caused loss of life and inflicted heavy damage and destruction
to property. The frequency of these natural hazards is linked with rapid population
growth and urbanization in low-lying areas [17] and the global climate change [18,19].
These phenomena (both natural and man-induced) are increasing the risks on ecosystems,
communities and their livelihoods, infrastructure, and cultural resources.

The rainfall data regarding the 2016 May rain incidents in Sri Lanka were obtained
from the Department of Meteorology [20], (Figure 2), [21] and the Hydrological Report [22]
on the Kelani River Flood of May 2016.

Rainfall data were employed to identify the inundated areas and to map the behavior
of floods in Figure 2 (which also shows catchment data). The flood data (inundated areas)
were mapped using the ARC-GIS tool with the flood images (from Indian Radar Imaging
Satellite 1 RISAT-1, dated 20 May 2016, provided to the Disaster Management Centre, Sri
Lanka). River basins were considered as natural water flow systems and the flood layer in
2016 was overlaid to calculate the exact inundated area. By 20 May 2016, the flood water
had receded considerably in the Kelani River compared to that reported on 18 May 2016.

The Post-Disaster Needs Assessment (PDNA) was carried out by the Ministry for
Disaster Management and the Ministry of National Policies and Economic Affairs with
the support of international and national experts from the United Nations, World Bank,
European Union, and the line ministries [10].
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Figure 2. Accumulated rainfall (mm) in river basins, 14-26 May 2016 rainfall (source: Dept. of
Meteorology, Sri Lanka (DoM)).

3. Results
3.1. Hydro-Meteorological Hazards

A hazard is defined as any source that can cause harm or damage to humans, property,
or the environment. A hydro-meteorological hazard is defined as a “process or phe-
nomenon of atmospheric, hydrological or oceanographic nature that may cause loss of life,
injury or other health impacts, property damage, loss of livelihoods and services, social and
economic disruption, or environmental damage” [1]. The types of hydro-meteorological
hazards affecting Sri Lanka are shown in Figure 1 [16,23,24]. Intense and cumulative
rainfall during monsoon and inter-monsoon seasons is the most pressing rain hazard.
Precipitation received by the inland central hilly terrain finds its gravitational way through
the river basins towards the sea along a radial flow system. Heavy antecedent precipi-
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tation slows down the infiltration due to low absorption, creating flood disasters in the
downstream communities.

The rain events of 2016 May (during the south-west monsoon rain period) were se-
lected as a case study for this paper because they created massive human and material
losses, making many scientists wonder whether we can improve existing early-warning
systems, thereby avoiding risk. Risk is defined as the probability of a hazard event causing
harmful consequences (loss of life, injuries, damage) [25]. The impact of the 2016 May
disasters led many researchers to publish about this event both locally and internation-
ally during the past five years, which has made a wealth of data available for review,
supplemented by data available from DMC.

When presenting methodologies for using hydro-meteorological data in multi-hazard
disaster risk assessment, natural disasters with hydro-meteorological antecedents were
discussed for Sri Lanka [26]. Drought- and flood-prone areas were mapped using rainfall
data that was gridded at a resolution of 10 km. Multi-hazard analysis highlighted regions
of high risk in Sri Lanka, such as the Kegalle and Ratnapura Districts in the south west; the
Ampara, Batticaloa, Trincomalee, Mullaitivu, and Killinochchi districts in the north-east;
and the districts of Nuwara Eliya, Badulla, Ampara, and Matale, which contain some of the
sharpest steepest hill slopes of the central mountain massifs. The highest landslide risk was
identified in Kegalle district, six years ahead of the disaster events described in this paper.
The existence of a distinct seasonality to risks posed by drought, floods, landslides, and
cyclones was also noted [26]. There is a visible effect of the El Nifio Southern Oscillation
(ENSO) event on inter-seasonal variability of rainfall in wet and intermediate zones of Sri
Lanka [27].

How climate change related hydro-climatological events affect the food security in
Sri Lanka is discussed in [28]. Spatial and temporal changes in the surface water area of
Sri Lanka over a 30-year period were studied using Landsat 5 and Landsat 8 images to
generate per-pixel seasonal and annual water occurrence frequency maps (for the period of
1988-2019). The authors concluded that climate change and anthropogenic activities affect
possible spatiotemporal changes in surface water availability in Sri Lanka [29].

3.2. How Did the Rain Incident of 2016 May Affect the 103 River Basins in Sri Lanka?

The rainfall that occurred over 8 days (Tropical Cyclone Reanu) in Sri Lanka from 13
to 20 May 2016 are given in Table 1 of paper [22] titled “Hydrological Report on the Kelani
River Flood in May 2016”. Daily rainfall data of stations in Kitulgala (Irrigation Dept; ID),
Castlereagh (Ceylon Electricity Board; CEB), Norton (CEB), Maussakele (CEB), Canyon
(CEB), Laxapana (CEB), Norwood, Deraniyagala, Holombuwa, Glencourse, Hanwella,
Colombo (ID) and Colombo (DoM) are available.

Hettiarachchi et al. noted “The flood (in May 2016) was one of the most severe
hydrological hazards faced by the people of the Kelani River basin [23]. The catchment
rainfall magnitude (8-day total) was 558 mm. The spatial and temporal distribution showed
distributed patterns along the whole catchment. The recorded highest rainfall (2016 May)
was 898.8 mm at Deraniyagala. Flood frequency analysis revealed that the return period
(ARI) of the 2016 flood was around 15-year (Annual Exceedance Probability, AEP of 7%).
However, the damages of the 2016 flood were more due to irregular developments within
the flood plain and longer durations of inundation. The Kelani Minor Flood Protection
Schemes were severely affected in emphasizing the urgent requirement of modernizing
them to cope with the present (larger flood) conditions”.

Rainfall intensities during this incident are also shown in color in Figure 2 above. Land
area and inundation figures during these rain incidents are given in Table 1 below.
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Table 1. Affected river basins in 2016 May rain incidents (the locations of the districts and the major

river basins are indicated in the Figure 3).

Area km?
Basin No. Basin Name Province
River Basin Inundation in May 2016
103 Attanagalu Oya Western 889 165
1 Kelani Ganga Sabaragamuwa, Western 2300 200
2 Bolgoda Ganga Western 433
3 Kalu Ganga Sabaragamuwa, Western 2784
4 Benthota Ganga Western 728
12 Nilwala Ganga Southern 1024
9 Gin Ganga Southern 924
260 Wanathuwillu North Western 210
95 Mi Oya North Western 1561
261 Tiladiaya North Western 58
262 Attawilluwa North Western 61
96 Madurankuli Aru North Western 66
264 Mahakumbukkadawala North Western 86
97 Kalagama Oya North Western 142
98 Rathambala Oya North Western 260
99 Deduru Oya North Western 2687 353
100 Karambalan Oya North Western 799
101 Ratmal Oya North Western 265
120 Maha Oya Sabaragamuwa, North Western 1517 150
75 Per Aru Northern 478
76 Kalmaduru Aru (Pali Aru) Northern 107
77 Maruthapillay Aru Northern 60
78 Theravil Aru Northern 111
79 Piramenthal Aru Northern 91
80 Nethali Aru Northern 124
81 Kanakarayan Aru Northern 905
88 Paranki Aru Northern 875
89 Nay Aru Northern 537
256 Giant’s Tank Northern 490
90 Malwathu Oya North Central, Northern 3183
258 Sellawathurei Northern 77
Total 22,832

There are 103 river basins in Sri Lanka. Out of these, seven major rivers given in Table 1
were affected by the May 2016 heavy rain. These seven major rivers (Attanagalu Oya, Kelani
River, Kalu Ganga, Bolgoda Lake, Bentota Ganga, Gin Ganga, and Nilwala Ganga) had
13 river sub-basins running through the five administrative districts of Gampaha, Colombo,
and Kalutara (in Western Province), and Galle and Matara (in the Southern Province)
being affected.

The Kelani River running through Colombo (commercial capital city) and the Kalu
River at Kalutara have major flood levees on both the right and left banks to protect the city
of Colombo and its suburbs. These two interprovincial rivers (i.e., rivers that run through
more than one province) are linked by Bolgoda Lake, which has an estuary with two large
lakes and two sea outfalls in Panadura and Kalutara.

The Kelani River originates from the central hills near the Adam’s peak and traverses
145 km through the south-western slopes of Sri Lanka to reach the sea at Colombo. The
whole Kelani catchment is situated in the wet zone of the country. The average annual
rainfall of the catchment varies from 5700 mm in the upper catchment to 2300 mm in the
lower basin. The Kelani River basin is the seventh-largest watershed by area (approximately
2300 km?) and third-largest considering discharge (4225 MCM; average annual discharge) in
Sri Lanka. It experienced large-scale flooding and caused subsequent damage to property
and livelihoods. The highest 8-day total rainfall in the Kelani basin was 899 mm in
Deraniyagala, recorded in 2016 May [22].
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Figure 3. The 25 administrative districts, 103 river basins, and the landslide locations of the 2016
incident. (Figure S1 in the Supplementary Material provides a clear administrative provincial
boundaries of Sri Lanka).

The Attangalu Oya irrigation system in the Gampaha District is located between the
Kelani River and Maha Oya river basins. The upper reaches between the main Attangalu
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Oya and the Kelani River drain into the Kelani River and these areas are protected by
minor flood protection levees and control gates. Kelaniya has a major flood protection
levee, almost 5 km long, along the right bank of the Kelani River [22].

The 2016 May rain incident caused widespread flooding and landslides in 19 out of
25 administrative districts (see Figure 3) in Sri Lanka, damaging homes and submerging
villages in several locations. As official reports indicated, the floods and landslides affected
approximately 493,319 people (124,398 families) causing 93 deaths (36 women, 43 men,
10 children, 4 bodies could not be identified), 33 injuries and 117 missing people. The
majority of the deaths and missing people occurred (155, i.e., 74%) due to landslides [30].

The worst flooding occurred in the districts of Colombo and Gampaha (shown in
Figure 4), which were most affected because of the rising level of the Kelani River. Floods
in Colombo District affected 228,871 members of 54,248 families. The overall statistics of
affected people per district are given in Tables 2 and 3 below.

~7 7Y

P ‘—_/\ \/T\:\ s N

/

N

Y

o

- o e , \
L o ,
— Oya RB. 3 4
v 8 -
\ . ot - Flood inundated area in 20186
River
l:l Attanagalu Oya River Basin
l:l Kelani Ganga River Basin
NuwaraEliya /

5 10

Kilometers

VR .““"\N--\&_ 5
FANPI -
s JAN L

b A G T
8 \‘ Jr\ e "
— \

o 3

. GangaRB.
™

QG
o

\\ Kalutara ™ Ratnapura 5{
' J

Figure 4. Flood inundated area in May 2016: Attanagalu-Oya and River Kelani River Basins belonging
to the Western Province (Gampaha, Colombo and Kalutara Districts) and Sabaragamuwa Province
(Kegalle and Rathnapura Districts) in Sri Lanka. (Please refer the supplementary material Figure S2
for river basin boundaries of Sri Lanka and their names).
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Table 2. The flood disaster declaration area in 2016.

% Land Area

Affected Provinces Total. LandzArea 2016.Dlsaster 2 Covered by the
in km Declaration Area km ;
Declaration
Western 3684 3745 5.68
Central 5674 5727 8.69
Southern 5544 5549 8.42
Northern 8884 - -
Eastern 9996 - -
North Western 7888 8064 12.24
North Central 10,474 10,659 16.18
Uva 8500 8625 13.09
Sabaragamuwa 4950 4950 7.51
Total 65,610 47,319 71.82

Table 3. Affected people and damaged houses by district in Sri Lanka. Sources: [10,13].

Affected (Source: PDNA, July 2016)

Population o & .
o bma R x g Fp §F 0 S At
Census) 5 g @ 3 E“ o] gory pu ?
~ A S asi @
A~ w
%))
1 Colombo 2,324,300 228,871 7 1 34,262 22,557 FD 9.85
2 Gampaha 2,304,800 74,003 8 0 16,015 62,861 FD, HW 3.21
3 Kalutara 1,221,900 12,489 2 0 673 56 HR, CF 1.02
4 Kandy 1,375,400 7957 7 0 891 2998 LS, HR, CF 0.58
5 Matale 484,500 713 0 0 152 109 HR 0.15
6 Nuwara Eliya 711,600 1109 0 0 78 518 LS, CF 0.16
7 Galle 1,063,300 3312 2 0 216 0 CEF, HR 0.31
8 Matara 814,000 551 1 0 143 0 HW 0.07
9 Hambantota 599,900 92 0 0 53 0 FF 0.02
10 Jaffna 583,900 6085 0 0 192 0 FF 1.04
11 Mannar 99,600 6627 0 0 38 0 HR 6.65
12 Vavuniya 172,100 5084 0 0 136 0 FD, HW 2.95
13 Mullaitivu 92,200 5199 0 0 212 0 HR 5.64
14 Kilinochchi 113,500 18,265 0 0 267 1192 FD 16.09
15 Batticaloa 526,600 10,748 0 0 15 0 FF 2.04
16 Ampara 649,400 60 0 0 20 581 HW 0.01
17 Trincomalee 379,500 211 0 0 19 0 HW, FF 0.06
18 Kurunegala 1,618,500 10,895 5 17 377 0 FD 0.67
19 Puttalam 762,400 42,881 3 0 489 18,320 FF, HR, HW 5.62
20 Anuradhapura 860,600 4729 2 0 150 0 HR 0.55
21 Polonnaruwa 406,100 269 0 0 98 0 HW, HR 0.07
22 Badulla 815,400 182 2 0 50 0 HR 0.02
23 Monaragala 451,100 0 0 0 0 0 - 0.00
24 Rathnapura 1,088,000 18,154 2 0 571 4754 HR, CE, FD 1.67
25 Kegalle 840,600 34,833 52 99 3754 1621 LS, CF 4.14
Total 20,359,400 493,319 93 117 58,871 115,567 242

* Flood (FD), flash flood (FF), landslide (LS), heavy rain (HR), cutting failure (CF), high wind (HW).

As shown in Table 2, in 2016 May, the flood inundated area in the Western Province
was 61.39 km? in the Kelani River basin and 53.81 km? in the Attanagalu-Oya basin, which
is only 3.21% of the total land area of the province.

The estimated inundated area was approximately 200 km? for Kelani River Basin, but
other river basins were also affected, including the Deduru Oya (353 km?), Attanagalu Oya
(165 km?), and Maha Opya (and Karambalan Oya), where the inundation area was about
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150 km?. In total, the region of interest was approximately 1231 km? covering 13 river
basins. Most of the standing water was observed in abandoned croplands, cultivations,
and household areas, and several main roads were disconnected, restricting the movement
of people and transport [10].

3.3. The Post-Disaster Needs Assessment (PDNA)

The Post-Disaster Needs Assessment (PDNA) is an internationally accepted methodol-
ogy for determining the physical damages, economic losses, and costs of meeting recovery
needs after a natural disaster through government-led processes [11]. At the most basic
level, the purpose of a post-disaster needs assessment is to assess effects and impacts to
determine priority recovery needs. The PDNA exercise is government-led with technical
and financial support from international partners [31]. The PDNA process has a significant
focus on field-collected damage and loss data, and on working with in-country partners to
develop reliable sectorwide damage and loss assessments. This capacity has been built on
gradually evolving approaches since 2008 at the global level through the Prompt Assess-
ment of Global Earthquakes Response (PAGER), the Global Disaster Alert and Coordination
System (GDACS), and the Center for Disaster Management and Risk Reduction Technology
(CEDIM) [32].

Since 2008, the World Bank and the Global Facility for Disaster Reduction and Re-
covery (GFDRR) have worked with the UN, EU, and other international donors to help
governments prepare nearly 70 PDNAs in over 40 countries in all regions. Looking at the
literature on the PDNA in the last decade, it can be noted that major guideline documents
were published by the World Bank in 2010 [33], which outlined how the methodology
was to be conducted: Post-Disaster Needs Assessments Guidelines Volume A in 2013 [34],
World Health Organization PDNA Guideline in 2014, and the IBRD Global Facility for
Disaster Reduction and Recovery (GFDRR) guideline in 2018 [32]. The funding for the
disaster relief efforts is provided from these major donors; therefore, many countries have
adopted these guidelines.

The IBRD 2010 Knowledge Notes [33] provides an overview of the post-disaster
assessment process, extracting lessons learned in the East Asia Pacific Region (EAP) and
presenting best practices from 2000s PDNA assessments. It explains the Post-Disaster
Needs Assessment (PDNA) methodology, and outlines: (i) the assessment triggers, (ii) key
steps in assessment planning, and (iii) dos and don’ts in assessment execution. The Post-
Disaster Needs Assessment Guidelines of the World Health Organization (WHO) [35]
provides guidance to national and international stakeholders involved in the health sector
part of the Post-Disaster Needs Assessments (PDNA) and recovery planning.

In providing effective post-disaster relief, timeframes are important as affected people
need help on day one. While PDNA guidelines [11] indicate that the exercise should
take 6-12 weeks, the majority of cases reviewed were done in 3—4 weeks. Some of the
tradeoffs of a shorter time frame were fewer field visits, reliance on secondary data, and
less accurate or less comprehensive information on social parameters and household
impacts. They noted that “rapid assessment techniques” should be considered when
specific information is desired more quickly. GFDRR (2018) elaborates on rapid assessment
techniques such as GRADE (Global Rapid Post-Disaster Damage Estimation) [32]. The
GRADE approach is a remote, desk-based rapid damage assessment method deployed
on request soon after a disaster, such as an earthquake or a tropical cyclone. It adopts
evolving and innovative natural hazard risk modeling technology in order to rapidly fulfill
post-event damage assessment requirements. It is an assessment of damages to housing
and critical infrastructure sectors, derived by combining hazard parameters, exposure
databases, extent of structural vulnerability, and relevant costs of repair and replacement.
These components are overlaid on a geographic information system (GIS) platform, expert
knowledge is applied, and results are produced within two weeks of major disasters.

However, rapid assessments cannot be equated with or replaced by the comprehensive
and collaborative features that characterize PDNAs [11].
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Table 3 shows the PDNA carried out for this disaster incident by the sources [10,13].
There are different categories of disaster effects in particular districts and vulnerability
maps were prepared accordingly.

3.4. Landslides That Resulted from the 2016 May Rain Incidents

The high rainfall triggered several landslides in the hilly Kegalle and Kandy Districts,
while minor slides also occurred in Ratnapura District.

The worst-ever recorded large-scale sediment (earth) slip in the country occurred on
17 May 2016, in Aranayake, in Kegalle District, due to the heavy rainfall from 15 May
onwards. The Aranayake (Siripura-Samasarakanda) landslide on 17 May 2016 around 17:30
(with previous day 435mm rainfall) devastated three villages. The land destroyed by this
incident was 0.5 km? (Table 4) and consisted of 29% homesteads, 32% tea plantations, and
21% natural forest. According to landslide hazard zonation maps prepared by the National
Building Research Organization (NBRO), this is an area where landslides are most likely to
occur. 31 bodies were recovered, but 96 persons were missing. Additionally, 110 houses
were destroyed and 2629 persons of 916 families were given shelter in 16 safety centers as
of 2 June 2016.

Table 4. Affected people and status of the landslides in Kandy and Kegalle Districts. Divisional
Secretary’s (DS) divisions (within each district), which is the smallest government response agency.
Source: [30].

Affected
District DS Division 2016 Date Land Area - Deaths Missing
Families People
km?
Dehiovita
Kegalle (Denswatta) 15 May 0.02 832 3342 4 1
Udunuwara
Kandy (lukwatta 16 May 0.01 292 1360 6 0
Kadugannawa)
Kegalle ~ ‘Aranayake (Siripura- o 0.50 996 2756 31 96
Samasarakanda)
Bulathkohupitiya
Kegalle Kalupahana Estate 17 May 0.02 758 2756 15 2
Kegalle Yatiyantota 18 May 0.02 997 3810 0 0
Total 3875 14,024 56 99

3.5. Disaster Response (Search and Rescue) and Relief Following 2016 May Rain Incident

The mechanism available for disaster response in Sri Lanka is detailed in the book
chapter “Command and Control Mechanism for Effective Disaster Incident Response Oper-
ations in Sri Lanka” [36]. In Table 4 above, data are given for the Divisional Secretary’s (DS)
divisions, which are the smallest government disaster response agency within a District.

From the onset of the flood and landslide disasters in mid-May 2016, the Disaster
Management Center (DMC) initiated search and rescue operations with the assistance
of the Sri Lankan military forces and police to rescue people stranded on rooftops and
isolated locations. The District Secretaries established 373 safe centers within the affected
DS divisions, which housed over 115,000 people evacuated from the inundated areas and
unsafe locations in the landslide-prone districts [37].

On 30 May 2016, the President of Sri Lanka declared a “state of disaster” for seven
provinces, excepting just the northern and eastern provinces of the country [38]. About
71.82% of the land area of the country was covered under the disaster declaration.

As shown in the PDNA, when considering the Western Province, only 3.21% of the
land was affected (61.39 km? in the Kelani Basin and 53.81 km? in the Attanagalu-Oya
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basin was inundated) due to the 2016 flood. The total affected population was 14.08%
(9.85% in Colombo, 3.21% in Gampaha, and 1.02% in Kalutara District). Therefore, the
practice of declaration of the “state of disaster” throughout the existing administrative
provinces should be reviewed in the future (please see the Figure S1, supplementary
material for the existing provincial administrative boundaries), as such a move affects
the economic activity of the whole province (e.g., in Western province which secured the
largest share (39.1%) of the country’s nominal GDP, [39]. A disaster declaration will result
in unfavorable travel advisories, negatively affecting the important tourism industry. In
the future, with improved technology (accurate modeling and up to date information
available to all stakeholders), it is recommended that a disaster declaration should cover
only affected DS divisions or smaller governance units, not the whole province.

Better rainfall models will allow better early warning. To communicate hazard early
warnings to the vulnerable general populace, already available communication methods
such as mobile phones should be used (e.g., mobile phone text messaging, used by the
Presidential Secretariat). This is most viable as [40] (https://datareportal.com/reports/
digital-2021-sri-lanka#, accessed on 30 October 2021) shows phone availability in Sri Lanka
is 153 per 100 persons, with the country having a literacy rate well over 95%.

3.6. Disaster Declarations—Global Perspective

Globally, the “state of disaster” declaration is changing towards environmentally-
based “state of climate emergency” declarations, which have been issued since 2016 by
certain countries due to wakeup calls referring to the IPCC Special Report on Global
Warming [41]. In declaring a climate emergency, a government admits that global warming
exists and the specific term “emergency” is used to assign priority to the topic and to
generate a mindset of urgency. For a declaration to be issued, the event must be found to
be of such “severity and magnitude that effective response is beyond the capabilities of the
state and the affected local governments and that federal assistance is necessary” [42]. In Sri
Lanka, the declaration is proclaimed based on the Post-Disaster Rapid Needs Assessment
(PDRNA, which assesses the extent of losses and the resources necessary for recovery)
considering climate change as a major determinant [10,43].

3.7. Rainfall Data—Accuracy, Inputs, and Financial Return

In Sri Lanka, the primary source of rainfall data is the Department of Meteorology
(DoM). The Hydrology Division of the Department of Irrigation and Ceylon Electricity
Board (CEB) and National Building Research Organization (NBRO) also have a wealth of
data. The Irrigation Department, Meteorology Department, and NBRO maintain 435 rain-
gauges in main river basins in the country, shared in a single platform jointly coordinated
by the DMC, as of 2021. This paper recommends that all governmental agencies should
cooperate more towards building an accurate rainfall prediction and flood modeling
system for the vulnerable areas and making the data available online for researchers, so
that prediction models (including climate change scenarios) can be made at the university
level (where resources and skills exist) using such data. The available data should be
communicated to all stakeholders, so that vulnerable populations can be given alternate
economically viable land, etc., wherever possible.

Considering how to improve hydro-met (hydro-meteorological) services in devel-
oping countries, the Global Facility for Disaster Reduction and Recovery, (GFDRR) of
the International Bank for Reconstruction and Development (IBRD; The World Bank) has
identified extreme weather events as a top global risk [44]. As shown in Figure 5, extreme
weather events are identified as the highest risk to human lives and property (risk being
the impact*likelihood of the hazard).
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Figure 5. Top global risks include major environmental issues such as climate action failure and
extreme weather (adapted from source [44]).

The Global Facility for Disaster Reduction and Recovery (GFDRR) of the World Bank
hydro-met roadmap document for Sri Lanka highlights the following points [45]:

e  Without accurate, high-resolution gridded rainfall information, the DoM cannot pro-
vide adequate forecasts and warnings of the likelihood of flash floods, oz, in the case of
the Hydrology Division of the Department of Irrigation, provide sufficiently accurate
inundation forecasts (page 5 of [45]).

e There is a strong demand for better meteorological and hydrological services evi-
denced by the responses from disaster management, water management, hydropower,
agriculture, health, and other clients following the impact of the 16 May 2016 flood
event and related landslides. The meteorological and hydrological services have
limited capacity and capability to provide quantitative information to guide timely
decision-making in disaster management (page 11 of [45]).

e  Several key government agencies, including the DoM, the Department of Irrigation
(Hydrology Division), the DMC, and NBRO must work in close cooperation if fore-
casting and warning services are to be fully effective (page 12 of [45]).

The report of Rogers et al. (page 6) noted that the investment in Sri Lanka’s National
Meteorological and Hydrological Services (NMHSs) is low [45]. Worldwide, NMHSs are
funded in the range of 0.01% to 0.05% of GDP, with a global average of 0.02% of GDP.
Return on investment (ROI) of well-equipped NMHSs is estimated to be 10:1 globally. The
investment in the Sri Lanka Department of Meteorology (DoM) is 0.002% of GDP, which
is ten times below the global average. This low level of investment has constrained the
DoM in meeting its national obligations (page 6 [45]). Sri Lanka (and other developing
countries) should look at investing in their hydro-meteorological modeling capabilities. On
the Department of Meteorology (Sri Lanka) website, a researcher can buy some data at a
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very reasonable price. This service provided with low resources must be admired, but it
takes a few days to obtain data. If funds and skills are made available, the available data
of the DoM, ID, DMC, and NBRO can be made available online, with an online payment
system, or provided free of charge as in other developed countries (e.g., New Zealand.).
Also, future rainfall modeling capability should be improved, including climate scenarios.
Hettiarachchi (2018) clearly identifies this requirement in her 2018 paper on expansion and
modernization of hydro-meteorological information systems (HMIS) and the presentation
“Climate Change in Sri Lanka - What do the Data Reflect (2019)” [46,47].

To compare Sri Lanka with international best practice, rainfall data availability from a
developed island country subject to many natural hazards (New Zealand) is highlighted.
New Zealand’s high-intensity rainfall data [48] are available from https:/ /hirds.niwa.co.
nz/, accessed on 30 May 2021. The relevant climate change scenarios are obtained from [49].

Looking at New Zealand’s rainfall data availability, it is evident that high-intensity
rainfall data is available for any location in the country, via the crown research institute the
National Institute of Water and Atmospheric Research. The rainfall depth (mm)/duration/
frequency and intensity (mm/hour)/duration/frequency scenarios are available to any
researcher free of charge (downloadable as Excel CSV files). The data include the historic
data of average recurrence interval (ARI) for ARI 1.58, 2, 5, 10, 20, 30, 40, 50, 60, 80, 100, and
250-year return periods or annual exceedance probability (AEP) of percentages 0.633, 0.5,
0.2, 0.1, 0.05, 0.033, 0.025, 0.02, 0.017, 0.012, 0.01, and 0.004 [22]. Furthermore, four future
climate change scenarios considering “representative concentration pathways (RCP)” are
available. The NIWA website (NIWA, 2021) informs that the representative concentration
pathways [50] are identified by their approximate total (accumulated) radiative forcing at
the year 2100 A.D. relative to the year 1750 A.D. (solar radiation 2.6 Wm~2 for RCP 2.6,
4.5 Wm~2 for RCP 4.5, 6.0 Wm ™2 for RCP 6.0, and 8.5 Wm~2 for RCP 8.5). These RCPs
include one mitigation pathway (RCP 2.6, which requires removal of some of the CO,
present in the atmosphere by management measures), two stabilization pathways (RCP 4.5
and RCP 6.0), and one pathway (essentially ‘business as usual) with very high greenhouse
gas concentrations by 2100 and beyond [50].

It is interesting to note that Sri Lankan scholars working in the USA has addressed
some aspects of these scenarios as far back as 2014 [51], but no government agency has
used this work to inform the people at risk.

With a clear idea of what is needed, Sri Lanka and other developing countries can
seek international funding for the higher investment (0.02 GDP goal) required for intensive
hydro-metrological data gathering and to develop early warning capabilities applicable at
ground level.

4. Conclusions

The hydro-meteorological hazards affecting a small tropical island nation (Sri Lanka)
were identified. A major disaster incident (May 2016 rain events), which resulted in massive
loss of lives and property, and due to its impact generated useful research literature over
last five years, is presented as a case study.

The inundated areas for the whole country were identified and mapped. Considering
the Western Province (which contributes nearly 40% of national GDP), only 3.2% land
area was inundated, the total affected population being 14% (9.9% Colombo, 3.2% in
Gampaha, and 1% in Kalutara Districts). It is recommended that future declarations of
the “state of disaster” should only cover the affected local areas, without impeding the
economic activities of the rest of the province. Disaster notices throughout the existing
administrative provinces are not recommended as it would affect the country’s whole
economy, including unfavorable travel advisories affecting the tourism industry, a mainstay
of country’s economy.

The Post-Disaster Needs Assessment (PDNA) conducted for the 2016 May hydro-
metrological disaster event is reported. While some post-disaster response measures
(reactive responses) were available, in a disaster event that affects many provinces and


https://hirds.niwa.co.nz/
https://hirds.niwa.co.nz/

Earth 2022, 3 15

stretches the available resources thin on the ground, the value of having an early prediction
capability (proactive action) is emphasized. This requires using the latest available technol-
ogy for communications, accurate hydro-climatic modeling, and providing early-warning
directly to stakeholders.

Hydro-climatic data availability in Sri Lanka and available links to researchers/modelers
are presented. The Irrigation department (ID), Department of Meteorology (DoM), and
other government agencies (such as NBRO, DMC, and CEB, etc.) hold important rainfall
and flow data separately, and the requirement of more cooperation and sharing of resources
(online and accessible to all) is emphasized.

Some inadequacies such as lack of web access, the lack of ARI data, and antecedent
rainfall values (for immediate reference and early-warning) are identified. The low in-
vestment for hydro-met data in Sri Lanka, where only 0.002% of GDP is spent, whereas
0.02% of GDP is the global norm, and the tenfold return on investment on hydro-met
services [43], are emphasized. When more money is invested in better hydro-climatic
data gathering, modeling, and informing the stakeholders in-time, the benefits are tenfold
the investment. Money invested can be used to obtain internationally published data
in government agencies, and to train local officers to use such data and hydro-climatic
modeling for early warning. The communication mechanisms for government agencies
to send the early warning message instantly to local stakeholders (people at risk, local
politicians, community leaders, and grassroots-level civil organizations) can be improved,
starting from the already used method of countrywide mobile phone text messaging.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/earth3010001/s1, Figure S1: administrative provinces of Sri Lanka, Figure S2: river basins of
Sri Lanka (source: Irrigation Department of Sri Lanka.
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