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Executive Summary
Satellite observations from 1993 to 2015 show that the tropical Western Pacific region, to the east
of the Philippines, has experienced a sea level increase of 5-7 mm/yr, which is about twice the
global average. The large increase is partly due to natural modes of ocean variability, such as El
Nino Southern Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO), and partly due to an
anthropogenic signal, which will continue regardless of the natural oscillations. Coastal tide-gauge
records around the Philippines indicate a general pattern towards increased sea levels over the past
50 years. These tide gauges include also changes resulting from vertical motion of land and show
different sea level trends for different locations around the Philippines (Fig. 1). There has been
a particularly large increase in Manila (up to 1 metre), largely because of excessive groundwater
extraction and land subsidence.
Future sea level rise in the Philippines is projected to be slightly larger than global average sea
level rise and this will increase the hazard posed by storm surges. The range of uncertainty in future
sea level rise for the Philippines is also larger than the range of uncertainty in global sea level rise
(Fig. 1). Due to the long term commitment to sea level rise, mean sea level is expected to increase
throughout the 21st century regardless of whether greenhouse gas emissions will be reduced. In the
near-term, both the medium-low concentration greenhouse gas concentration scenario (RCP4.5)
and the high-end scenario (RCP8.5) lead to similar increases in sea level. However, by the end of
the century, the high end scenario adds approximately 20 cm to the projected mean sea level. The
increase in the mean sea level do not differ substantially across the Philippines but in some coastal
cities, such as Manila, land subsidence will make an additional contribution to sea level rise. An
additional possible source of increase is a destabilisation of parts of the Antarctic ice sheet, which
can add several tenths of a metre by 2100, but the probability of such an event and its extent are
not known.
The most severe impacts of sea level rise will likely manifest themselves through extreme events.
Estimating the magnitude of these extreme events is beyond the scope of this study but higher mean
sea levels will increase the likelihood of inundation for any given extreme event.
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Figure 1: Historical sea level change (SLC) from tide gauge observations and future projection.
Plot shows the sum of SLC components discussed in this study for the global ocean (black line,
with uncertainty range in grey) and for the coastal region of Legaspi City, Philippines (blue line,
with uncertainty), under the RCP8.5 future scenario. Projections for the City of Legaspi, Philippines
(3-5% higher than the global average). Annual mean tide-gauge measurements from Legaspi (blue
line) and Cebu (green line) are also presented and a linear trend is added to the observations from
Legaspi. The observed historical sea level trend from the tide gauge in Cebu is much smaller than at
Legaspi, and in both cases a simple extrapolation of the trends clearly under estimate the projected
values for the Philippines.
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Introduction

This study is part of a DFID funded project focusing on building resilience to tropical cyclones
and climate extremes in the Philippines and its aim is to provide a range of predictions for regional
changes in the mean sea level through the 21st century. Our estimates are based on the most recent
projections for future changes to the global mean sea level (GMSL) from the Intergovermental Panel
on Climate Change Fifth Assessment Report (IPCC AR5) (Church et al., 2013a), combined with the
effects of the oceanic, atmospheric and land processes operating in the Philippines region.
The observed magnitude of sea level rise east of the the Philippines has been more than double
the global average over the last 20 years, and its impact on coastal areas worsened by long-term
anthropogenic land subsidence due to groundwater depletion (Rodolfo and Siringan, 2006). The
expected impacts go beyond the permanent flooding of low-lying areas and include shoreline erosion and retreat, salinisation of coastal freshwater aquifers, damage to coastal defences and greater
extent of flooding during extreme events. In 2009 researchers from the University of the Philippines
Los Banos (UPLB) Climate Change Programme identified 10 provinces that will be most affected
by a 1 metre sea level rise. The provinces of Cagayan, Camarines Sur and Palawan are the most
vulnerable in this list which includes 180 coastal towns, home to 13.6 million people 1 (Fig. 2)
Future risk from coastal flood at any specific location in the Philippines depends on both the
regional time-mean sea level change (MSLC) and on local processes that produce the most extreme
events (such as storm surges caused by tropical storms, extreme tides, or seasonally occurring very
high waves). The regional changes in sea level are strongly related to changes to the GMSL, but
show distinct ’deviations’ from it: some regions experience a faster rate of sea level rise than the
current global mean estimate (2.8 - 3.6 mm/yr (Church et al., 2013a)) and some experience a
slower rate. The reason is that processes in the oceans (e.g. density changes) atmosphere (air
pressure and wind patterns) and land (magnitude of meltwater and runoff) change the properties
and distribution of water masses in the oceans and hence the local sea level height. Many of these
processes are climate sensitive and their magnitude depends on both the natural climate variability
and on anthropogenic climate change.
This study provides projections of time-mean sea level change, which strongly affect the magnitude of short-lived sea level extremes. However, additional knowledge of the causes of these
extremes and their potential changes and local information about the vulnerability of a particular
stretch of coastline due to natural and anthropogenic processes are crucial in order to assess the
future coastal flooding risk to any specific location.
1 UPLB unpublished research. A news item can be viewed here: http://www.philstar.com/agriculture/489794/cagayanmost-vulnerable-sea-level-rise-uplb and here: http://ffemagazine.com/13-6m-filipinos-danger-sea-level-rise/
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Figure 2: Location map of places mentioned in this study (map source: google maps).
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From Global to regional sea level change

Changes to the global mean sea level are governed by the thermal expansion of sea water and
the addition of meltwater from ice sheets and glaciers into the ocean (Church et al., 2013a). To a
lesser extent, the global sea level is also affected by dams and reservoirs which prevent water from
naturally flowing back into the oceans and by irrigation and urban water supply that contribute to sea
level rise by depleting water from terrestrial aquifers and transferring them to the oceans (Konikow,
2011; Wada et al., 2012).
The rate of SLC at an individual ocean basin or regions within it can deviate quite substantially
from the global mean as it is affected by additional factors such as ocean currents, atmospheric circulation and changes to the Earth’s gravitational field and rotation axis caused by the re-distribution
of mass from melting ice sheets and glaciers. The sea surface height relative to the land can also
be changed by local vertical land-movement, due to tectonic movements and seismic activity, or
human actions (e.g. land subsidence due to groundwater extraction in metropolitan areas including Manila (Rodolfo and Siringan, 2006). Land masses also rise and subside as a response to
the melting of the large continental ice sheets at the end of the last ice age. This long-term ’rebound’ of the Earth’s crust is represented by the Glacial Isostatic Adjustment (GIA). The vertical
land-movement will usually have a small effect on the global SLC, but can be important locally, as
coastal or uplift can decrease the local risk of coastal inundation, and coastal subsidence might
increase it (Wöppelmann and Marcos, 2016).
High precision satellite altimetry observations from AVISO (Archiving, Validation and Interpretation of Satellite Oceanographic Data)2 clearly show that the rates of SLC around the globe are
far from uniform. The satellite measurements present a distinct spatial pattern of SLC for the period 1993 - 2015 (Fig. 3), which is associated with ocean currents and influenced by changes to
the atmospheric circulation and by modes of climate variability (e.g. El Niño-Southern Oscillation
(ENSO), the Pacific Decadal Oscillation (PDO), and the North Atlantic Oscillation (NAO) (Zhang
and Church, 2012; Church et al., 2013a; Hamlington et al., 2014). These driving mechanisms for
the regional patterns in sea level fluctuate in time, which implies that the sea level trends measured
by satellites over the observed period (1993-2015) are probably different from those in the past and
are likely to change in the future (Meyssignac et al., 2012).
Another cause of regional patterns in sea level is freshwater losses from the land and the way
they distribute in the oceans (Church et al., 2013a). Ice melt from glaciers and ice sheets, changes
to soil moisture, water stored in reservoirs and groundwater pumping that eventually flow back into
the sea contribute to change the ocean mass, and probably more importantly, trigger changes to
the Earth’s crust elevation, gravity field and rotation axis (Mitrovica et al., 2001), which result in uneven distribution of water across the world’s oceans. Freshwater from each source (e.g. Greenland,
Antarctica, glaciers in other regions and terrestrial freshwater) cause a clear and unique geograph2 Data

available from: http://www.aviso.altimetry.fr/en/data/products/ocean-indicators-products/mean-sea-level.html
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Figure 3: Spatial patterns of sea level change from satellite observations 1993 to 2015. Regions in
the tropical and eastern Pacific experience sea-level trend of over 10 mm yr. Data Source: AVISO
altimetry data.
ical pattern of SLC, often referred to as gravitational ’fingerprints’. For example glacier melting and
ice sheet mass loss typically result in sea level drop in their vicinity and a rise further afield (see
for example figure 4 at Bamber and Riva (2010), presented here as Fig. 4). The mean mass loss
of ~166 Gt/yr from the Greenland ice sheet and 135 Gt/yr from Antarctica during the period 2000
- 2009, result in sea level rise of about 1.5 mm/yr in the Western tropical Pacific and the shores of
the Philippines (Bamber and Riva 2010, Fig. 4) a rate which is about 10% higher then the global
average rise from these sources.
The future magnitude of these patterns of SLC depends on the mass of added water. Currently
the contribution shown in Fig. 4 is still small and the satellite picture is dominated by local changes
to ocean density (Meyssignac et al., 2012). However, meltwater inputs may become important in
the future if melting rates from ice sheet increases.

3

Observed changes to sea-level in the Philippines region

The observed global sea level rise (SLR) rate for the 20th century has been calculated from tide
gauge and satellite observations to be about 1.7 mm/yr (Bindof et al., 2007; Church et al., 2013a).
Recent estimates from the IPCC AR5 assessment indicate that it is very likely (probability > 90%)
that this rate has increased in the last part of the century, between 1993 and 2010 to 2.8 - 3.6 mm/yr,
and that the total sea level rise for 1901 - 2010 was 19 cm. (Church et al., 2013a).
The satellite observations for 1993 - 2015 show that the Tropical Western Pacific region, to the
east of the Philippines, experienced sea level rise at rate of 5-7 mm/yr, which is more than twice the
c Crown Copyright 2016

7

Figure 4: Relative sea level changes (mm/yr) due to gravitational and Earth rotational effects of ice
mass loss from Greenland and Antarctica for the period 2000-2009. The green contour indicates
the global mean sea level rise. Source: Fig. 4 from Bamber and Riva (2010)
global average (Fig. 5). The satellite record, however, is relatively short, and the regional patterns
and rates do not necessarily represent the entire 20th century and might be caused by the timing
and magnitude of shorter natural modes of variability such as ENSO and PDO (Meyssignac et al.,
2012; Zhang and Church, 2012; Hamlington et al., 2014). Hamlington et al. (2014)made an attempt
to determine which part of the strong sea level trend in the Western Pacific is caused by the PDO
and which part is anthropogenic (and will therefore continue without the oscillation). After estimating
and removing the contribution of the PDO from the satellite record, the reduced regional trends were
found still to be much larger than the global-average, with trends up to 10 mm/yr (See Hamlington
et al. (2014) Fig. 1C). Natural variations in ENSO and PDO will still affect the sea level in this region
in the future but since these are unforced variations, the precise timing and magnitude of these
oscillations are not expected to be accurately reproduced in the CMIP5 climate model responses to
changes in greenhouse gas levels (Church et al., 2014).
The satellite observations indicate that there is a higher risk to coastal areas in the east of the
islands Samar and Mindanao and the south coasts of Zamboanga and Negros islands. A number
of studies have expanded on that by adding information about the coastal geomorphology and
calculated a Coastal Vulnerability Index (CVI) (based on Gornitz (1990)). The satellite sea-level
trend is regarded as an ’exposure factor’ and when combined with a sensitivity measure for each
coastal stretch they form an estimated potential impact (Reyes and Blanco, 2012; Siringan et al.,
2013). A CVI map compiled by Wendy Clavano3 shows additional ’at-risk’ regions to those in Fig.
3 available
from:
vulnerability/2521/ (Fig.2)
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Figure 5: Sea level changes in the Philippines region from 1993-2015 in the Philippines region,
produced from the AVISO Satellite observations. Largest rates of 4.5 - 5 mm per year are observed
east of the islands of Leyte and Samar, and Mindanao, south of Zamboanga and the along the south
western coasts of the Central and Western Visayas.
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5, including the Cagayan province in the north east and Palawan Island in the west. Although these
areas are not experiencing the greatest rate of sea level rise in the Philippines, other factors related
to the nature of the coastline itself are enhancing their vulnerability.
The coastal tide gauges measurements provide a longer record of sea-level change, but unlike
the satellite observations they measure the sea surface height relative to the land, which might be
moving vertically at comparable rates (Nerem and Mitchum, 2001). Tide gauges also have limited
geographical coverage and are prone to maintenance and data quality issues. Coastal sea-level
heights are monitored and recorded in the Philippines by the National Mapping and Resource Information Authority (NAMRIA). Levelling surveys were used to determine land movements but Global
Positioning System (GPS) tide gauges are still not used to accurately determine and remove the
land vertical motion from the tide gauge records4 . The hourly tide gauges record reveals a complex
pattern of sea surface height changes on different time-scales. The sub-daily tidal cycle around
the Philippines can be up to 3.0 meters 5 . Further sea level changes occur with the seasonal cycle,
which are modulated by longer, inter-annual variations. The seasonal to inter-annual changes are
driven by changes in wind stress, heat and freshwater fluxes and other processes in the atmosphere
and ocean that operate on timescales of months to decades (Roberts et al., 2016, Table 1). Generally speaking, the seasonal changes in this region can be related to the Asian monsoon system
and the longer, year to year variations are driven by coupled ocean–atmosphere oscillations, such
as El Nino-Southern Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO). Figures 6 and
7 present sea level height data from NAMRIA tide gauge stations along the Philippines coast from
Port Irene in the north to Jolo island in the south. Annual data from long-term stations (Fig. 6) show
a clear sea-level rise trend (e.g. Manila Legaspi and Davao) and the records from most stations
have an inter-annual variability with sea level peaks during 1974- 1977, 1987-1990, 2000-2003
and 2009-2014. The Manila tide-gauge record shows a big change in the early 1960s, when the
sea-level starts to rise abruptly and becomes larger then other stations. Values since 1960s reach
26 mm/yr (Siringan and Ringor, 1998; Perez et al., 1999; Siringan and Rodolfo, 2003), but this is
suspected to be heavily influenced by groundwater extraction and land subsidence (Rodolfo and
Siringan, 2006; Church et al., 2013a; Amiruddin et al., 2015). Groundwater extraction is reported by
Rodolfo and Siringan (2006) to be the main cause of cumulative subsidence of over 100 cm since
the early 1990s in the Manila bay area (due to urban use) and in the neighbouring Pampanga delta
(due to agricultural use). The authors show a strong link between the amount of groundwater use
and sea level rise in Manila (Rodolfo and Siringan, 2006, , Fig. 2), and estimate that the excessive
groundwater withdrawal is the main cause of flooding worsening in this area.
The monthly tide gauge record from 1993 is presented in Fig. 7. Most stations show a clear
signal of higher sea levels during the Southwest (summer) Monsoon and lower levels during the
Northeast (winter) monsoon, with average seasonal differences of 20 cm. Port Irene and Manila
4 Data available from Namria’s “National report for the Philippines 2006” available at:
sealevel.org/publications/documents/philippines2006.pdf
5 Data from Namria “National report for the Philippines 2006”
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Figure 6: Annual records from NAMRIA tide gauge stations with a relatively long record. Values
on the y-axis represent the height in mm above the ’Revised Local Reference’ (RLR) level, which
is approx. 7000mm below mean sea level. Data Source: ’Permanent Service for Mean Sea Level’
(www.psmsl.org)
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experience a stronger seasonal cycle, with annual differences of up to 50 cm. However, the Philippines seasonal changes are relatively small compared with other regions in the South China Sea
(e.g. Vietnam and the Gulf of Thailand) where the continental shelf is wider (Amiruddin et al., 2015).

The trends from the tide gauge presented in Figures 6 and 7 show larger geographical differences than suggested by the satellite altimetry (Fig. 5). This has also been observed by (Church
et al., 2014) when analysing tide gauge record for Vietnam, suggesting that there might be complications with tide gauge stability or geomorphologic processes influencing the record. This might be
improved with the introduction of tide gauges with GPS measurements. These caveats should be
taken into consideration before extrapolation of tide-gauge record is used as an indicator for future
sea-level trend. Furthermore, even if long and accurate tide gauge records exist, they still reflect
the historical sea level change. Extrapolating the historical trend into the future will not provide an
accurate estimate of sea level in a changing world where ocean warming and ice loss rates are accelerating. Palmer et al. (2015) and Cannaby et al. (2016) show that the observed rate of sea level
change for Singapore during 1984-2011 notably underestimates their future sea level projections.

4

Future projections of mean sea level

We estimate the future regional SLC for the Philippines by using projections for the global mean sea
level changes from the IPCC AR5 and combining them with regional non-uniform patterns of sea
level change around the Philippines. The methods follow those presented by Cannaby et al. (2016),
and materials were selected to represent the Philippines.
The projections for the global mean change are provided in the AR5 supplementary data files
as an annual time series with a range of estimations (available at http://www.climatechange2013.org/report/fullreport/). These include the upper (95th ) and lower and (5th ) percentiles, and the median estimations
for the contribution of future thermal expansion, glacier and ice sheet mass changes, and terrestrial
water inputs, under different climate change scenarios (Moss et al., 2010). The thermal expansion component was obtained from a set of 21 coupled AOGCMs participating in the World Climate
Research Programme Coupled Model Intercomparison Project Phase 5 (CMIP5). The other components (glaciers, ice sheet and terrestrial water inputs) were obtained from offline model simulations,
mainly driven by the GCMs output of temperature and precipitation fields and by extrapolation of
observation datasets(Church et al., 2013a).
The regional SLC originates from changes to ocean dynamics, re-distribution of freshwater
inputs and the effect of vertical land movement due to the Glacial Isostatic Adjustments (GIA). It can
be conceptualised as the local deviation from the GMSL change, and therefore, for each component
(apart from the GIA, see below) we calculate a ’scaling factor’ that defines the amount (in m) of sea
level change experienced locally for each meter of global SLC from the same component (provided
by the AR5 data files). The scaling factors were obtained from the ’fingerprint’ data from Slangen
c Crown Copyright 2016
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Figure 7: Monthly sea-level height records from NAMRIA tide gauges along the coast of the Philippines, showing a clear seasonal cycle of ~20 cm (see text). Data Source: ’Permanent Service for
Mean Sea Level’ (www.psmsl.org)
c Crown Copyright 2016
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Component

Zamboanga

Surigao

Legaspi

Manila

Port Irene

Glaciers (m/m)
Greenland Surface Mass Balance (m/m)
Antarctica Surface Mass Balance (m/m)
Greenland dynamics (m/m)
Antarctica dynamics (m/m)
Land water storage (m/m)
GIA (mm/yr)

1.12
1.18
1.16
1.21
1.20
0.89
-0.16

1.12
1.19
1.17
1.23
1.20
0.90
-0.27

1.11
1.18
1.17
1.23
1.18
0.85
-0.25

1.10
1.17
1.16
1.22
1.17
0.82
-0.27

1.08
1.18
1.16
1.23
1.16
0.79
-0.14

Table 1: Scaling factors used in this study to predict the local sea level rise compared with the
global average change reported in AR5 data files. Based on the ’fingerprint’ data from Slangen
et al. (2014), the Philippines will experience an amplification of 10-20% for most components.
et al. (2014) and are summarised in Table 1. There impact of these sea level change component
is pretty uniform along the coast from Port Irene in the north to Zamboanga in the south, and
generally the Philippines is predicted to experience about 10 - 20% higher rise compared with the
global average. Only land water contributes a smaller rise than global average (by about 10%) to
this region, and the GIA is contributing a small net drop in sea level (see below). The re-distribution
of water mass towards low latitudes triggered by ice sheet melt can also be seen in Fig. 10 (a
global perspective), and in Fig. 11 (for the Philippines region). A more detailed description of each
component is given in section 0.4.1 below.

4.1

Components of sea level change

Regional steric and dynamic SLC - the “oceanographic” term
The CMIP5 climate models simulations provide a detailed picture of future changes to ocean density, currents and atmospheric circulation for each grid cell according to different climate change
scenarios. They currently provide the best available estimates for the local sea surface height
changes due to thermal expansion and salinity variations (the ’steric effect’) and due to ocean
currents, atmospheric circulations and air-sea fluxes of heat and freshwater (the ’dynamic effect’)
(Church et al., 2013a). Each model predicts a different amount of sea level change arising from the
combination of the steric and dynamic effects (the ’oceanographic term’ (Cannaby et al., 2016)). We
therefore use the CMIP5 multi model mean and spread of the oceanographic term to compute the
sea level difference between the 1986 - 2005 and 2081 - 2100 periods for different locations around
the Philippines coast and for two climate change scenarios: the RCP4.5 (medium-low stabilization
scenario) and RCP8.5 (high end scenario where greenhouse gases concentrations continue to rise
throughout the 21st century). Changes in the oceanographic term are presented in figures 8 and
9for selected CMIP5 models. We take the mean of the model ensemble as a central estimate and
calculate the spread based on the multi-model standard deviation. Figures 8 and 9 show a large
spread in the projections of the steric and dynamic height between individual models, which reflects
the way they handle physical processes. The regional pattern of SLR also varies between models

c Crown Copyright 2016
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Figure 8: Projections of the steric and dynamic sea level changes (the ’oceanographic term’) for
a subsection of GCMs under RCP 4.5. Values represent the change in m for the period between
1986-2005 and 2081-2100. The oceanographic component of sea level rise is computed from the
multi-model mean of the projections and their spread.
and many of them do not show the strong sea level rise trend in the Western Pacific, a prominent
feature in the satellite observations. Despite the inter-model differences, all models project that the
mean sea level will continue to rise under both future scenarios, and it is clear that the high end
RCP8.5 scenario leads to a stronger signal at the end of the century.
To provide an annual time series of the steric / dynamic height changes, we assume that they
are proportional to the global thermal expansion term from the IPCC AR5 (this approximation needs
to be justified for each region, see Palmer et al. (2015) and Cannaby et al. (2016) for more details)
and calculated a scaling factor by dividing the local ’oceanographic’ term by the global expansion
term and then apply it to the global thermal expansion annual time series provided by the AR5.

Freshwater released from glaciers, ice sheet and land
As mentioned earlier, freshwater from the land cause deformational, gravitational and rotational
effects (Mitrovica et al., 2001) leading to re-distribution of water masses in the oceans and to a distinct spatial patterns of SLC (sometimes referred as the unique gravitational ’fingerprints’, Fig. 10).
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Figure 9: Projections of the steric and dynamic sea level changes (the ’oceanographic term’) for
a subsection of GCMs under RCP 8.5. Values represent the change in m for the period between
1986-2005 and 2081-2100. The oceanographic component of sea level rise is computed from the
multi-model mean of the projections and their spread.
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We used the gravitational fingerprints data from Slangen et al. (2014), provided as a one-degree
gridded dataset of the ratio of local SLC per each meter of global change from the corresponding
component (Figures 11 and 12). For example, areas in the Eastern Philippines will experience an
amplified sea level rise due to meltwater contribution from the Greenland and Antarctic ice sheet,
by about 15 - 25% compared with the global average change from these sources. Landwater contribution, on the other hand, is reduced relative to the global mean, and for every 10 cm rise (globally)
the region will experience only 8 - 9 cm. (Fig. 12). We then use this location-specific factor to
scale the global annual time series of mass loss from glaciers, ice sheets and terrestrial freshwater
provided in the AR5 supplementary material (Church et al., 2013b).
The AR5 future projection for glacier mass loss is based on glacier models, which calculate the
response of the glacier mass to the localised changes in temperature and precipitation provided by
the climate models. Projections for the melt water from the Greenland and Antarctica ice sheets
are a combination of the changes in the surface mass balance (SMB - a balance between mass
gained from snowfall and mass loss due to surface and bed melting) and a rapid ice dynamic
contribution (reflecting ice flow due to calving and meltwater percolation to the bedrock) (Church
et al., 2013a; Slangen et al., 2014). The SMB component depends on changes to temperature and
precipitation and therefore its magnitude is dependent on the climate change scenario, while the
dynamic component is estimated from observations and extrapolated to 2100 independently of the
future scenario(Church et al., 2013a).
Reservoir building during the 20th century offset sea level rise by storing an equivalent of 23
mm of sea level on land (Church et al., 2013a), while groundwater pumping for irrigation and urban
water supply transfer large quantities of water from the continents to the oceans, especially from
regions around the Indian sub continent, north east China, and western US6 . Recent studies suggest that groundwater depletion will increase in the 21st century while dam building is levelling off
(see Slangen et al., 2014). We use here the AR5 estimates for anthropogenic intervention in land
water storage, which leads to a range of (–10) to (+90) mm for the net contribution to GMSL rise by
2081–2100 relative to 1986–2005 (Church et al., 2013a).

Glacial Isostatic Adjustment (GIA)
The glacial isostatic adjustment (GIA) term represents a natural, long-term vertical land and ocean
floor movement as a result of the melting of the large continental ice sheets at the end of the
last ice age. The sea level along coastal regions in areas that were covered by glacial ice sheets
experience crustal uplift and therefore relative sea level drops. Subsiding land and relative sea level
rise is typical to the surrounding regions, then a drop again farther away. GIA creates a distinct
geographical pattern of sea level change (Slangen et al., 2014, Fig. 1) that is assumed constant on
centennial timescales and independent of climate scenarios or models (Slangen et al., 2014). Local
6 More
information
about
groundwater
and
sea
level
available
from
waterworld
.com
http://www.waterworld.com/articles/wwi/print/volume-25/issue-5/groundwater-development-flow-modeling/groundwaterdepletion-linked-to-rising.html
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Figure 10: Global view of the ’Spatial fingerprints’ of meltwater inputs from the Greenland and
Antarctic ice sheets (dynamic effects only). Values are ratio of local change with respect to the
globally-average change. Regions experiencing sea level rise greater than the global mean have
values >1. Negative values indicate relative sea level drop. Data is from Slangen et al. (2014)

c Crown Copyright 2016

18

Figure 11: Regional view of the ’Spatial fingerprints’ of meltwater inputs from the Greenland and
Antarctic ice sheets. Ice sheet contributions are divided to ’surface mass balance’ (left) and dynamic
(right). Values are ratio of local change with respect to the globally-average change. Data is from
Slangen et al. (2014)
annual rates (m/yr) of sea surface height change due to the GIA for the 21st century are calculated
based on the one-degree resolution ICE5G model (Peltier, 2004) and are presented in Fig. 12 as
a total contribution for the 21st century (upper right) and as an annual rate (bottom right). Regions
across the tropical Pacific and the Philippines experience a small drop in sea level due to the GIA,
in the order of -0.1 to -0.3 mm/yr (Table 1). This is a very small, negative contribution that partially
offsets the general sea level rise trend. For compiling the time series of SLC in the Philippines
(Section 5), we simply added the GIA trend (in m/yr) to a zero baseline from the year 2007 onwards.

Inverse Barometer effect
Short-lived changes to the regional atmospheric pressure cause sea level to vary due to changes
to atmospheric mass and ’loading’ on the sea surface. These effects can be quite large at any
given moment as an air surface pressure decrease of 1 millibar yields a sea-level rise of approximately 1 cm. These sea level changes are not accounted for by the climate models and can lead
to differences of up to 15 cm between the simulated sea surface height and observations. However, on climatological timescale, when short-term changes are averaged out, the effect is much
smaller. Long-term changes to the atmospheric loading are caused by an increased atmospheric
moisture content from enhanced evaporation in a warmer world (Slangen et al., 2014), and by rec Crown Copyright 2016
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Figure 12: ’Spatial fingerprints’ of meltwater from glaciers (top left) and freshwater from reservoirs
and groundwater extraction (bottom left) presented as a ratio of local change per a unit rise of
GMSL. Local sea level change due to GIA for the period 1986-2005 and 2081-2100 in m (upper
right) and as annual rate (m/yr) (bottom right). Source: Slangen et al. (2014)
gional changes due to large-scale shifts in storm tracks Church et al. (2013a). The AR5 estimation
for the inverse barometer effect around the Philippines is of a very small drop in the order of 0.5 to
1.5 cm, at the end of the 21st century (Fig. 13, originally figure 13.17 from Church et al. (2013a)).
We therefore follow Palmer et al. (2015) and do not include this term given its negligible contribution.

4.2

Regional mean sea level change in the Philippines

The projected mean sea level change for the 21st century is shown in Table 2 as the difference
between two 20-year periods (1986-2005 and 2081-2100). The global values are identical to those
presented in the AR5 (table 13.5), and figures for the Surigao region are added. The table includes
the median and the 5th and 95th percentiles of the projected range for each component. According to
the IPCC it is likely that in reality the sea level will rise within this range (The likely range is defined
as having a probability of 66 to 100% according to the IPCC quantified measures of uncertainty 7 ).
The process that represents the main uncertainty and could cause sea level to rise above the
likely range during the 21th century is ice loss from the West Antarctic Ice Sheet (WAIS) (Church
et al., 2013a; Cannaby et al., 2016). The ice sheet holds an equivalent of 3.3 m and enhance
melting and cliff collapse may be caused by warmer seawater. A recent numerical modelling study
7 See for example the IPCC “ Guidance Note for Lead Authors of the IPCC Fifth Assessment Report on Consistent
Treatment of Uncertainties” https://www.ipcc.ch/pdf/supporting-material/uncertainty-guidance-note.pdf
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Figure 13: Sea level change due to atmospheric loading. Source: Fig. 13.17 in the IPCC AR5
report (Church et al., 2013a). Projected ensemble mean sea level change (meters) due to changes
in atmospheric pressure loading over the period from 1986-2005 to 2081-2100 for (a) RCP4.5 and
(b) RCP8.5 (contour interval is 0.005 m). standard deviation of the model ensemble for (c) RCP4.5
and (d) RCP8.5
by DeConto and Pollard (2016) suggest that depending on the amount of atmospheric and ocean
warming, the Antarctic ice sheet has a potential to contribute from 0 to 1m rise by 2100, and up to
15m by 2500 if it fails to recover.
Sea level in the Philippines at the end of the 21th century is projected to be slightly larger than
the global mean. This is in line with the spatial fingerprints (Figures 11 and 12), showing a stronger
regional signal (by 15% - 20%) for most components. The total rise in the Philippines region is
dampen by a GIA drop and by an enhanced negative contribution from Antarctica SMB.
Time series of the projected SLC under RCP4.5 and RCP8.5 are presented in Fig. 14 (global
mean), Fig. 15 (regions along the western coast of the Philippines) and Fig. 16 (regions along
the eastern coast). The solid line represent the central, (50th percentile, or median) estimate and
the shaded range of uncertainty covers the likely (66-100%), rather than the full range of possible
future sea level changes. This implies that there is still a probability of ~30% that sea level will rise
beyond these range, and the largest uncertainty lies in the future behaviour of the Greenland and
Antarctica ice sheets (Jevrejeva et al., 2014). The central estimates for the Philippines are larger
than the GMSL and so is the range of uncertainty. This is partly to do with the large inter-model
differences in the oceanographic term and partly due to the ’fingerprints’ scaling methodology (see
Palmer et al. (2015) and Cannaby et al. (2016) for more details about uncertainty). The GIA is
the only component driving the sea-level around the Philippines down, while all other components
contribute to a rise (please note that in this figure the negative Antarctic SMB is summed together
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RCP4.5 change (m)
Sea level
component
Oceanographic
Glaciers
Greenland
SMB
Antarctica
SMB
Greenland
Dyn
Antartica Dyn
Land Water
GIA
SUM

Philippines
(Surigao)
0.19
[0.11,0.27]
0.14
[0.07,0.20]

RCP8.5 change (m)

Global
0.19
[0.14,0.23]
0.12
[0.06,0.19]

Philippines
(Surigao)
0.27
[0.17,0.38]
0.17
[0.10,0.26]

Global
0.27
[0.21,0.33]
0.16
[0.09,0.23]

0.05
[0.02, 0.11]

0.04
[0.01,0.09]

0.09
[0.04,0.20]

0.07
[0.03,0.16]

-0.03
[-0.06,-0.01]

-0.02
[-0.05,-0.01]

-0.04
[-0.08,-0.02]

-0.04
[-0.07,-0.01]

0.04
[0.02,0.07]
0.09
[-0.02, 0.19]
0.04
[-0.01, 0.08]
-0.02
0.48
[0.29, 0.69]

0.04
[0.01,0.06]
0.07
[-0.01,0.16]
0.04
[-0.01,0.09]
N/A
0.47
[0.32,0.63]

0.06
[0.02,0.09]
0.09
[-0.02,0.19]
0.04
[-0.01,0.08]
-0.02
0.65
[0.41,0.93]

0.05
[0.02,0.07]
0.07
[-0.01,0.16]
0.04
[-0.01,0.09]
N/A
0.63
[0.45,0.82]

Table 2: Median values and likely range (square brackets) for projections of time mean sea level
rise and its contribution in metres for 2081-2100 relative to 1986-2005 for Philippines (Surigao) and
the global average (as reported in Table 13.5 of AR5, Church et al. (2013a)). Following the AR5,
the likely range lie within the 5 to 95% range of model results for each component.
with the positive dynamic contribution). The projections over next few decades are insensitive to the
emission scenarios. However, the sea level rises in a pretty linear fashion in RCP4.5 but in RCP8.5
it starts to accelerate from the 2040s and towards the end of the century the sea level rise under
RCP8.5 is remarkably higher then under RCP4.5.

5

Summary

The projections shown here for the mean sea level change under different future emission scenarios
indicate that the Philippines is experiencing a slightly enhanced sea level rise compared with the
globally-average trend (Fig. 1). We based our estimates on the IPCC AR5 global mean sea level
projections, and combined into them the distinct regional patterns and estimates of their future
evolution. The sea level in the Philippines region rises faster than the global average due to the
gravitational effects caused by mass loss from the Greenland and Antarctica ice sheets and by
melting glaciers. There are large uncertainties associated with the magnitude of future ice sheet
and glacier melting, and what now is a relative minor component of the region’s sea level rise,
might become a noticeable contribution in the future. Sea level rise is already a threat for coastal
regions and communities in the Philippines and it will become a stronger force contributing to coastal
flooding, shoreline erosion and salinisation of freshwater aquifers. The destructive force of sea level
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Figure 14: Time series of the global mean sea level change projections under RCP 4.5 and RCP8.5.
The solid line represent the central estimate, shaded area represent the uncertainty of the likely
range
rise manifests itself mainly during extreme events. Exploring the potential changes in sea level
extremes is beyond the scope of this study and could involved downscaling simulations to identify
potential changes in wave activity and storm surge from tropical cyclones (e.g. Palmer et al., 2015;
Cannaby et al., 2016). However, the IPCC AR5 makes a clear link between the frequency of these
extreme events and the increase in mean sea level, which acts as baseline sea level for these
events (Hunter, 2012; Church et al., 2013a, Sec. 13.7). This means that any existing estimates
of required heights for coastal flood defences based on flooding recurrence intervals should be
updated since they are likely to be based on the assumption that the mean sea level is constant. In
its simplest form, the projected sea level trend could be added to the existing values of extreme sea
levels where these have been calculated.

8

The coastal flooding risk does not depend only on sea

level but also on local geomorphology and additional forces that can affect and even dominate the
sea level change at a specific location. There could be local changes due to tectonic movements
and seismic activity, or through man made modifications (in areas of sediment extraction, or land
reclamation). Vulnerability Assessment Tools such as the one published by the Philippines Marine
Environment and Resources Foundation (Rollan et al., 2013) utilise studies of ’Coastal Vulnerability
Index’ (CVI) to define vulnerability of a coastal region and identify the most at-risk areas. Our
estimated changes to the mean sea level rise could serve as a new baseline for these tools.

9

8 See
for example frequency estimates for Manila and Davao in Wendy Clavano’s article here:
http://www.ecojesuit.com/effect-of-rising-seas-on-water-levels-records-from-manila-and-davao/2738/
9 Another good example is the vulnerability work done for Indonesia in which the mean sea level rise is one of the
components in the vulnerability assessement. http://www.lppm.itb.ac.id/research/?p=1857
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Figure 15: Time series of the mean sea level change for Manila, Palawan, Zamboanga and Davao.
The solid line represent the central estimate, shaded area represent the uncertainty of the likely
range
c Crown Copyright 2016
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Figure 16: Time series of the mean sea level change for Port Irene, Legaspi, Tacloban and Surigao.
The solid line represent the central estimate, shaded area represent the uncertainty of the likely
range
c Crown Copyright 2016
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