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Executive Summary
Following the devastating impacts of Typhoon Haiyan (locally named Yolanda), one of the most intense tropical cyclones (TCs) on record, the UK Department for International Development (DFID)
provided funding to support scientists at the UK Met Office, in partnership with the Philippine Atmospheric, Geophysical and Astronomical Services Administration (PAGASA), to strengthen understanding of the impacts of climate change on TCs in the Philippines. Starting in January, the
project focused on generating climatological information about future TCs to inform climate change
adaptation and resilience-building decisions. State-of-the-art regional climate model (RCM) simulations, capable of generating realistic TCs, were produced and analysed under historic and projected
future climate conditions. In this report we outline the approach taken, present and compare key
results from model simulations conducted at the Met Office and PAGASA, and discuss how the new
information builds on previous knowledge.
Climate models are the primary tools used to generate future climate scenarios. This study used
two different types of climate model:
1. Global Climate Models (GCMs) - These simulate the main components of the climate system
(e.g. atmosphere, ocean, cryosphere and land surface) for the entire planet using mathematical equations to represent physical processes. Limitations on computer power mean GCMs
use relatively coarse spatial resolutions, typically outputting values for climate variables (e.g.
surface temperature) representing average conditions over grid cells of 100 to 300 kilometres
across. Numerous research institutions around the world have developed GCMs. Phase 5
of the international Coupled Model Intercomparison Project (CMIP5)1 provides a multi-model
dataset of many different GCM simulations.
2. Regional Climate Models (RCMs) - These focus available computing power on a region (domain) of interest using grid cells in the range of 10 to 50 kilometres across, allowing simulations to provide more spatial detail than a GCM. An RCM simulates the atmosphere over a
region by using observed or GCM sea surface temperatures and atmospheric conditions at
the boundaries of the regional model domain - a process often referred to as “downscaling”.
In this study, RCMs have been used to downscale a selection of CMIP5 GCM simulations over
a domain that includes the Philippines Area of Responsibility (PAR) and the main development
region of TCs in the Western North Pacific (WNP) Ocean. Downscaling at high spatial resolutions
is required to simulate small scale processes that are important for providing realistic simulations of
TCs. Previous high resolution climate modelling studies have been performed over the WNP region,
but very few studies have specifically focused on the Philippines and on the time horizons relevant
to planning decisions; in this study, we focus on changes by the mid-21st century which aligns to
typical planning decision time horizons of many infrastructure investment and adaptation decisions.
The Met Office and PAGASA have worked collaboratively to co-design a modelling approach that
has enabled direct comparison between simulations conducted at the two institutions. The Met Office has used an RCM called HadGEM3-RA to downscale selected GCM simulations to a 12km horizontal resolution under historical climate conditions (at the end of the 20th century) and projected
future climate conditions for the mid-21st century. The simulations assume a business-as-usual
scenario (using the Representative Concentration Pathway - RCP 8.5) under which global greenhouse gas emissions continue to increase throughout the 21st century. PAGASA has performed
simulations with the PRECIS and RegCM4 RCMs at 25km horizontal resolution using exactly the
same domain and greenhouse gas scenario, and covering the same time periods. The Met Office RCM simulations use input data from three CMIP5 GCMs - HadGEM2-ES, CNRM-CM5 and
MRI-CGCM3; these GCMs were developed by the Met Office Hadley Centre, the French National
1 See

http://cmip-pcmdi.llnl.gov/cmip5/
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Centre for Meteorological Research, and the Japanese Meteorological Research Institute respectively. More information on the selected GCMs is provided in the Technical Report available on the
project website. PAGASA simulations were also driven by HadGEM2-ES, and by comparing the
results from the different GCMs and RCMs, we can assess the robustness of future projections of
TCs. Specialised software, TRACK, is used to identify TCs in the model simulation datasets, and
TRACK output data is analysed to investigate changes in future TC activity.
The results of the simulations show a range of possible futures changes to TC activity in the Philippines. Some future projections show small but significant decreases in the annual frequency of TCs
in the Philippines region, while others show no change. In addition, some simulations show small
but significant increases in the intensity of TCs, with others showing either insignificant increases or
clearly no change. The results for comparative model simulations from a business-as-usual emissions scenario are summarised below; the size of arrows are not proportional to the magnitude of
projected change and all changes are small when compared to year-to-year variability.

Summary of changes to tropical cyclone frequency and intensity (as measured by the maximum
sustained windspeed of simulated tropical cyclones) by the mid-21st century for the Philippines
region under a RCP 8.5 scenario. Simulations 1 to 3 are HadGEM3-RA driven by HadGEM2-ES,
CNRM-CM5 and MRI-CGCM3 respectively, and simulations 4 and 5 are PRECIS and RegCM4
driven by HadGEM2-ES. Black arrows show statistically significant changes, grey arrows show
insignificant changes, and a dash shows no change.
Analysis suggests that a key contributing factor for a reduction in the number of TCs is a projected
increase in wind shear2 and, in some cases, a decrease in atmospheric relative humidity. Conversely, projected increases in sea surface temperatures and, for some simulations, increases in
relative humidity appear not to impact substantially on intensifying TCs, as might be expected. Further analysis is required to understand changes in the causal factors and their influence on TCs
found in this study.
The results build on previous knowledge to strengthen understanding of how TC activity in the region
might change under a warming climate. The latest assessment report from the Intergovernmental
Panel on Climate Change (IPCC) stated that over the next century the average annual number
of TCs in the WNP region is expected to decrease and that an increase in the frequency of the
strongest storms in the region is “more likely than not”. Previous high resolution modelling studies
have also projected small increases in the frequency of the most intense TCs of between 2% and
11% by 2100 as well as an increase of up to 20% in rainfall from TCs. Our findings therefore
strengthen confidence in the expectation of no change or a small reduction in the frequency of TCs
in the Philippines region as well as no change or increasing TC intensities. However, there are
biases evident in the model simulations and the magnitudes of the projected changes are small.
The new information does not therefore provide the basis for refining these estimated changes, nor
for drawing clear conclusions about implications for different parts of the Philippines.
Over the past half century, the number of TCs in the Philippines region has varied between 11 and
32 per year. Irrespective of whether overall TC numbers and intensities increase or decrease, the
model simulations show that year-to-year variability will remain high. This means that those involved
2 Wind

shear is the change in wind speed and/or direction with height
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in making decisions to help build climate resilience and reduce the impacts of climate change should
continue to expect years with many damaging TCs and other years with very few.
Analysis of past TCs undertaken in this study builds on recent research to show that, though uncertain, an event as intense as Typhoon Haiyan would be expected to happen between once every
200 and 500 years (i.e. between a 2% to 5% chance of occurring in any decade). Given the future
projections noted above, another landfalling-typhoon of this intensity is therefore not unlikely within
the planning time-frames considered by this project. Using information on past typhoons and their
impacts remains highly relevant to long-term planning. Combining historical information and knowledge with the additional information produced in this study, showing the potential for slightly fewer
but more intense TCs in the future, can help in assessing the robustness of decisions in a changing
climate.
More detailed information on the findings and caveats associated with the modelling work can be
found in the Technical Report. The project website also provides links to other project reports,
including projections for sea level rise in the Philippines, a report from a climate modelling workshop
held at PAGASA in February 2016, and the findings of pilot studies conducted in Manila and Salcedo
to improve the communication of climate information to support local scale decision making.
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1
1.1

Introduction
Background on DFID project

Typhoon Haiyan (locally named Yolanda) struck the Philippines in November 2013, causing significant damage and loss of life. In response, the UK Department for International Development (DFID)
pledged support for the recovery and reconstruction effort. DFID is funding the Met Office, in partnership with the Philippine Atmospheric, Geophysical and Astronomical Services Administration
(PAGASA), to help strengthen PAGASA’s technical capabilities as well as provide state-of-the-art
information to guide decisions and build resilience to future climate-related risks. More information
on the project is available on the project website.

1.2

Scope of the report

This report describes the methodological approach taken in the generation of downscaled Regional
Climate Model (RCM) simulations and outlines the findings from the analysis of the model output.
The overall aim of the modelling is to provide a range of plausible scenarios of future changes
to tropical cyclone (TC) activity in the Philippines region on time scales relevant to planning and
climate change adaptation decisions. The project team developed a methodology that utilises a
state-of-the-art RCM to downscale simulations from selected global climate models (GCMs) that
are able to generate realistic large-scale conditions relevant to TC behaviour in the region. The
general approach is summarised in the diagram in figure 2.

Figure 2: Flow chart showing project approach to generating and analysing new model simulations.
Numbers in brackets refer to the relevant section of this report where further details are provided.
In addition to the model simulations produced at the Met Office, this report draws on findings and
analysis of model data from climate model simulations conducted at PAGASA. Over the course of
the project, scientists from the Met Office and PAGASA have worked together to discuss the design
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and analysis of model simulations, thereby enabling a comparison of model results and a greater
exploration of uncertainties relevant to projections of future TC behaviour in the Philippines. The
results from HadGEM3-RA can therefore be directly compared with PAGASA simulations using the
models RegCM4, PRECIS and CCAM. Furthermore, this report situates the new model information
from the Met Office and PAGASA within the existing evidence base on TCs in the region. Drawing
on evidence gathered during a literature review (available at the project website) and other relevant studies completed since the project’s inception, we demonstrate how the new information has
extended knowledge on the impact of climate change on future TCs in the Philippines region.
The report first summarises key elements of the methodology in section 2. Section 3 shows the
results of the analysis of the HadGEM3-RA simulations, showing projected changes to TCs and
the relevant environmental drivers, as well as analysis of past observed TCs to examine the return
periods of intense TCs. Results of the comparison to PAGASA simulations are presented in section
4 and section 5 shows how this combined information extends previous knowledge. Conclusions to
the study are provided in section 6.

2

Approach to Simulating Tropical Cyclones

This section discusses the approach taken to produce downscaled climate model simulations using
HadGEM3-RA. We begin with a description of the key challenges in modelling TCs in a changing
climate. Next we outline the need to select a subset of GCMs for downscaling. Finally we explore
the choices made in the experimental design. A more detailed description of the methods used is
given in a Technical Report available at the project website.

2.1

Challenges in modelling tropical cyclones

The intensity and size of simulated TCs depend crucially on model resolution. Strachan et al. [2013]
and Rathmann et al. [2014] show that a high resolution is critical for simulating TC intensity but less
important for simulating the annual number of TCs and their geographical distribution. In order
to investigate the impact of climate change on the intensity of TCs in the Philippines region it is
therefore valuable to use a high spatial resolution.
A range of variables and environmental factors influence TC activity, including vertical wind shear,
tropical atmospheric circulation and sea surface temperatures (SSTs); Bell et al. [2013] states that
the spatial structure of future SSTs is more important for TCs than absolute SST changes in the
region. Strachan et al. [2013] state that in addition to these variables, mid-level relative humidity and
low-level absolute vorticity are the dominant environmental factors that contribute to interannual TC
variability in the Western North Pacific (WNP) ocean basin. A good representation of these largescale variables in model simulations is therefore important for providing reliable future projections.

2.2

Selecting global climate models for downscaling

The CMIP5 multi-model database contains output from future climate simulations of over 40 GCMs
hosted at approximately 25 institutions across the world. Downscaling all CMIP5 future climate
simulations using a RCM would require vast human and computational resource, and is typically
beyond the scope of any downscaling activity. In this project it was therefore necessary to strategically choose an optimal subset of models for downscaling.
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In selecting GCMs for downscaling, we followed the two-stage process suggested by McSweeney
et al. [2015a]:
1. Disregard GCMs judged unable to reliably simulate relevant aspects of the observed climate
2. From the remaining GCMs select those that project a range of future changes in relevant
aspects of the climate that best samples the range from the full ensemble
This approach ensures that the selected GCMs encompass a wide range of plausible future projections relevant to a comprehensive assessment of risks associated with future climate change. In
our case, as outlined below, very few GCMs were judged to be reliable enough for generating plausible future climates. This provided less opportunity to sample the distribution of future projections.
However, the models selected are still able to inform our understanding of how TC behaviour can
change under altered climate forcing conditions in the future.
In the first stage of the process, relevant scientific literature was assessed to provide information on
how well the CMIP5 GCMs represent TC activity (tracks, annual frequency and seasonality) as well
as information on how well the GCMs simulate the large-scale conditions relevant to TCs (SSTs,
atmospheric circulation and humidity) in the WNP. From 24 GCMs, for which sufficient information
was available for assessments to be made, 19 were ruled out leaving five for consideration in the
second stage of the process.
In the second stage of the process, future projected changes in different aspects of the climate
relevant to TCs were compared. Aspects such as future changes in SSTs, TC frequencies and
maximum windpseeds were considered. Following this process three GCMs were selected for
downscaling: HadGEM2-ES, CNRM-CM5 and MRI-CGCM3. These reflect a range of different future changes in relevant aspects of the climate; HadGEM2-ES and CNRM-CM5 simulate decreases
in the frequency of TCs while MRI-CGCM3 simulates increases [McSweeney et al., 2015b]. Subsequent analysis shows that HadGEM2-ES simulates large increases in SSTs, mid-level humidity and
sea level pressure in the WNP, whereas CNRM-CM5 and MRI-CGCM3 simulate smaller increases
in SSTs and little change in mid-level humidity and sea level pressure.
Having selected three models for downscaling, subsequent studies have provided further evidence
on the reliability of the models in simulating TCs in the WNP region. Roberts [2015] investigated the
behaviour of TCs in atmosphere-only simulations of CMIP5 GCMs forced with observed SSTs. The
study finds that TC frequencies in HadGEM2-ES and CNRM-CM5 are comparable to observations,
whilst TC frequencies in MRI-CGCM3 are too large. The year-to-year variability in TC frequency is
well represented by HadGEM2-ES but poorly represented by CNRM-CM5 and MRI-CGCM3. MRICGCM3 provides a good match to observations for the spatial distribution of TC genesis and tracks
while the spatial representation of TCs is poorer for HadGEM2-ES and CNRM-CM5; both models
produce too few TCs over the Philippines region.
Biases in overall TC frequency simulated by GCMs do not necessarily translate to downscaled simulations and, in any case, relative changes in the frequency between current and future time periods
may not be affected. However, the poor representation of year-to-year TC variability in CNRM-CM5
and MRI-CGCM3 implies an unrealistic response to year-to-year changes in key environmental
drivers (e.g. SSTs), raising questions of reliability for the simulated response of TCs to long-term
warming. Overall, the Roberts [2015] results, which are summarised in Table 1, reduce our relative
confidence in the CNRM-CM5 and MRI-CGCM3 downscaled projections and increase the relative
confidence in the results from downscaling HadGEM2-ES.
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GCM

TC frequency

Year-to-year variability
in TC frequency

HadGEM2-ES

Comparable to observed

Comparable to observed

Spatial distribution of
TC genesis and tracks

Too few TCs over Philippines
CNRM-CM5
Comparable to observed Different from observed
Too few TCs over Philippines
MRI-CGCM3
Greater than observed
Different from observed
Comparable to observed
Table 1: Summary of Roberts [2015] results for simulation of WNP TCs by atmospheric
components of selected CMIP5 GCMs.

2.3

Experimental design

The model setup and experimental design considered a range of important factors. With a focus
on TCs, a high spatial resolution was required to realistically simulate the small-scale processes
that lead to the development of intense TCs. Tradeoffs were therefore required, limiting the number
of simulations and ability to explore multiple uncertainties. Different domain sizes were tested to
assess the ability of the RCM to produce realistic distributions of TCs. It was determined that
the domain needed to extend into the Pacific Ocean to approximately 160◦ E to cover the main
development region for TCs.
The key aspects of the experimental design are summarised in Table 2 below. Further technical
considerations for the model configuration and output data are described in the Technical Report.

Consideration

Choice

Rationale

GCMs

HadGEM2-ES,
CNRM-CM5,
MRICGCM3
HadGEM3-RA
Latitude 0◦ N to 30◦ N,
and longitude 110◦ E
to 160◦ E
0.11◦ (∼ 12km)

Superior simulation of relevant aspects of the
climate and differing future climate changes

RCM
Domain

Horizontal model resolution

State-of-the-art Met Office model
Covers PAR and main TC development region

High enough to add value to simulations of
TCs from GCMs but low enough to enough to
allow downscaling of 3 GCMs given available
computer resources
Greenhouse gas con- RCP 8.5
Highest concentration scenario available, imcentration senario
plying greater climate change (useful for signal detection and risk management)
Time periods
1971 to 2005 (past) Long enough to sample some key modes of
and 2035 to 2064 (fu- climate variability, and the future period cointure)
cides with planning time scales for major infrastructure projects
Table 2: Experimental design for downscaled model simulations.
Another important part of the project was to align the experimental design with complementary
simulations being performed at PAGASA. Colleagues at PAGASA have been engaged throughout
the decision making processes related to addressing the climate modelling project objectives see figure 3. This has included decisions on the experimental design, key areas of focus for the
data analysis, and software tools for analysing the model simulation data. Discussions regarding
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the experimental design began during an initial visit to PAGASA in May 2015 and continued in a
follow-up visit in August 2015, at which time the latest version of PRECIS 2.0 was installed on
PAGASA’s computer cluster. Ongoing engagement through online communication and a series
of secondments of PAGASA staff to the Met Office between March and May 2016 have enabled
collaboration and a close alignment of scientific activities. Section 4 compares the PAGASA RCM
simulations, over the same domain, with the results of the HadGEM3-RA simulations conducted at
the Met Office.

Figure 3: Approach to model experimental design and engagement with PAGASA

3
3.1

Results: Met Office Simulations and Analysis
Environmental factors influencing tropical cyclones

Analysis was conducted on four key driving variables known to influence TC variability and change
in the WNP region: surface temperature, mid-level relative humidity, wind shear and low-level vorticity. In this section we take each variable in turn, first comparing the model simulations with
reanalysis data3 over a common historical period, and then analysing the changes projected by the
GCM and downscaled simulations. Whilst acknowledging that analysis of sub-seasonal behaviour
is important, here we only present seasonal mean quantities for the June to August (JJA) season,
the most active season for TCs in the WNP; the Technical Report shows the results for all seasons.
This analysis serves as a starting point to help build physical understanding to underpin analysis of
projected changes to TCs in the future climate simulations.

3.1.1

Surface air temperature

A warm upper ocean provides thermal energy to the atmosphere to fuel the development and intensification of TCs. Here we show comparisons between surface air temperatures (at 1.5m) between
3 A climate reanalysis gives a numerical description of the recent climate, produced by combining models with observations.
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observed and model datasets. Surface temperatures are shown rather than SSTs since the RCM
simulations are forced by SSTs produced in the GCMs (see section 2.2) and to show the differences over the land; note that biases in the GCM-simulated SSTs will likely result in biases in the
RCM-simulated surface air temperatures.
Figure 4 shows the JJA mean surface air temperatures for the ERA-Interim reanalysis and GCM
datasets (top row) and corresponding downscaled simulations using HadGEM3-RA (bottom row)
for a concurrent 16 year historical period, 1989 to 2005; note that the downscaled ERA-Interim
simulation only uses ERA-Interim at the boundaries for the atmosphere and uses different SSTs to
those in the original ERA-Interim dataset, hence the marked differences in the temperatures (see
Technical Report).

Figure 4: June to August mean surface air temperatures from GCM (top) and downscaled (bottom)
simulations for the basline period (1989 to 2005).

Figure 5: Change in June to August mean surface air temperatures from GCM (top) and downscaled (bottom) simulations under a RCP 8.5 scenario for the future (2035 to 2064) compared to
the baseline (1971 to 2000).
There are some biases apparent in the GCM simulations (i.e. differences from the ERA-Interim
reanalysis), dictating the biases in the respective RCM simulations. For example, the CNRM-CM5
and MRI-CGCM3 models are slightly too cool across much of the domain. Nevertheless the spatial
patterns are broadly consistent, and in all simulations for JJA the surface air temperatures over the
main development region for TCs are above 27◦ C and are therefore conducive to TC activity.
Figure 5 shows simulated changes to JJA mean surface air temperatures in the mid-21st century
under a RCP 8.5 scenario; the same comparisons are shown for subsequent variables. Projected
c Crown Copyright 2016
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changes range from a warming of 1 to 3◦ C. The downscaled simulations are very similar to the
GCMs over the sea, as expected, though with differences evident over land. The HadGEM2-ES
model shows the largest changes, particularly over the western part of the domain. This change
alone would be expected to generate more intense TCs in the future from this model simulation.

3.1.2

Mid-level relative humidity

Relative humidity in the mid-levels of the atmosphere (at the 500 hPa pressure level) is known to be
particularly important for TC activity in the WNP basin [Strachan et al., 2013]. Increases in relative
humidity under climate change would be expected to increase the intensity of TCs and associated
rainfall. Figures 6 and 7 show comparisons of model simulations for the historical period and future
changes respectively.

Figure 6: June to August mean relative humidity at 500hPa from GCM (top) and downscaled (bottom) simulations for the basline period (1989 to 2005).

Figure 7: Change in June to August mean relative humidity at 500 hPa from GCM (top) and downscaled (bottom) simulations under a RCP 8.5 scenario for the future (2035 to 2064) compared to
the baseline (1971 to 2000).
Biases are evident in all GCMs and, as was observed in surface air temperature, the biases in
the downscaled simulations are dominated by the driving GCMs, though the RCM reduces the
dry/wet biases respectively in the downscaled HadGEM2-ES and MRI-CGCM3 simulations. The
HadGEM2-ES simulations provide a good representation of the spatial patterns and magnitudes
of mid-level relative humidity while the CNRM-CM5 simulations appear too dry. The MRI-CGCM3
c Crown Copyright 2016
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GCM simulation shows a strong positive bias with a steep north-south gradient between moist and
drier regions, though the downscaled simulation appears to reduce the bias.
Projected changes in mid-level relative humidity differ between simulations, and the GCM changes
appear to dominate the response of the RCM. Overall the response is more towards an increase in
relative humidity, with the largest projected by MRI-CGCM3; the changes in CNRM-CM5 are small
in comparison. The HadGEM2-ES simulations show little change in the South China Sea but higher
relative humidity conditions in the north and south of the domain, as well as over the Philippines
region. In the central-eastern part of the domain, an important region for the development and
intensification of TCs, the downscaled HadGEM2-ES simulations show decreasing humidity whilst
the downscaled MRI-CGCM3 simulation shows a large area of increasing humidity.

3.1.3

Wind shear

High vertical wind shear (i.e. changes in wind speed and/or direction with height) acts to weaken
the intensity of TCs as convective systems within the TC become vertically tilted and therefore less
efficient at drawing in warm and moist air from the ocean. Uncertainties in the impact of climate
change on wind shear contribute to the range of projections for TC changes in the 21st century
[IPCC, 2013]. Here we take wind shear as the difference in zonal winds (i.e. westerly component)
between two heights of the atmosphere (200 hPa and 850 hPa pressure levels).

Figure 8: June to August mean wind shear from GCM (top) and downscaled (bottom) simulations
for the basline period (1989 to 2005).
In general the model simulations provide accurate representations of the spatial patterns of wind
shear (Fig. 8). For example, in the JJA season all models show little or no wind shear in the east
and north of the domain with negative wind shear in the southwest of the domain (resulting from the
southwest monsoon circulation).
Future projections of changes to wind shear differ between models and seasons (see Technical
Report). In the JJA season (Fig. 9), the CNRM-CM5 and MRI-CGCM3 models show little change
in the wind shear but the HadGEM2-ES simulation shows a notable increase in wind shear across
central and southern parts of the domain, with stronger increases in the downscaled simulation.
This change would be expected to reduce the number and intensity of TCs in the future period.

3.1.4

Low-level vorticity

Positive vorticity is associated with cyclonic (anti-clockwise) circulation in the northern hemisphere.
Emanuel [1995] shows that increases in lower atmosphere (850 hPa pressure level) vorticity is
associated with increased hurricane activity. An increase in vorticity under climate change could
c Crown Copyright 2016
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Figure 9: Change in June to August mean wind shear (U at 200hPa - 850 hPa) from GCM (top) and
downscaled (bottom) simulations under a RCP 8.5 scenario for the future (2035 to 2064) compared
to the baseline (1971 to 2000).
therefore contribute to increased TC activity through creating conditions more conducive to TC
development and maturity.

Figure 10: June to August mean relative vorticity at 850 hPa from GCM (top) and downscaled
(bottom) simulations for the basline period (1989 to 2005).
The historical model simulations (Fig. 10) realistically capture the spatial patterns of mean seasonal relative vorticity, with the downscaled simulations adding spatial detail near the land areas
and islands of the Philippines. Like wind shear, future projections of changes to relative vorticity
differ between models and seasons (see Technical Report). In JJA (Fig. 11), CNRM-CM5 and
MRI-CGCM3 show little to no change, though the downscaled MRI-CGCM3 simulation suggests
reduced vorticity north of the Philippines. In contrast the HadGEM2-ES simulations, particularly the
downscaled simulation, show evidence of an increase in vorticity in the northern part of the domain.
Crucially, the seasonal averages hide the detail of vorticity maxima associated with TCs, which is
discussed in more detail in the analysis of TCs is section 3.3. Also, the changes in the north of the
domain are questionable, owing to issues in the tracks of TCs in this region - see section 3.3.2.

3.1.5

Summary of projected changes to environmental conditions

Figure 12 summarises the changes to environmental drivers for the three downscaled simulations,
using arrows to simplify the projected seasonal changes where the size and direction of the arrow
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Figure 11: Change in June to August mean relative vorticity at 850 hPa from GCM (top) and downscaled (bottom) simulations under a RCP 8.5 scenario for the future (2035 to 2064) compared to
the baseline (1971 to 2000).

Figure 12: Summary of changes in environmental drivers for different models, and resulting “expected” changes to TC intensity and frequency. Small (large) arrows indicates a small (large)
change, bi-directional arrows show changes that vary across time or space, and dashes show that
there are no discernible changes projected.
is proportional to the relative change. The first four rows correspond to the key environmental
drivers and the final two rows show the overall expected impact on TC intensity and frequency
when combining the different factors. Note that the summary reflects changes across seasons;
conditions in the non-JJA seasons are relevant because TCs are simulated outside of this season
and are contributing to the changes in TC properties (see Technical report).
When combining the evidence from projected changes to the environmental drivers of TC behaviour
in the region, one would expect to see an increase in TC intensity and decrease in TC frequency
under climate change, albeit with slight variations across each model. However, the actual changes
projected by the models can only be determined by more detailed analysis. Section 3.3 presents
this analysis, showing how the modelled TCs respond to a future climate scenario.
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3.2

Extreme value analysis of observed tropical cyclones

This section aims to provide some context for the results shown in section 3.3 that compare model
simulations of TCs to observations from the Japan Meteorological Agency (JMA) TC dataset. To
better interpret model projections of future changes to TC intensities it is useful to appreciate the
uncertainties associated with estimating TC return periods (i.e. estimates of the likelihood of TC
events) from different observational datasets and using different methods. In particular we focus on
estimates for the return period of Typhoon Haiyan as this was the central motivation for conducting
new model simulations of TCs under future climate change.
In a recent paper Takagi and Esteban [2016] state that Typhoon Haiyan was both the fastest moving
and the strongest typhoon on record in the Philippines region. Using the Joint Typhoon Warning
Center (JTWC) dataset from 1945 to 2013, and by fitting a particular statistical distribution (Weibull)
to the data, the study estimates a return period of 200 years for a Haiyan-class typhoon to make
landfall in the Philippines - i.e. a 0.5% probability of such an event occurring in any given year or 5%
probability in any given decade. Here, extreme value analysis (EVA) is applied to both the JTWC
and JMA datasets using a different statistical method to Takagi and Esteban [2016]; a Generalized
Pareto Distribution (GPD) is fitted to the data. Figure 13 shows the results of the EVA. Using the
JTWC dataset (right panel) the central estimate for the return period of a Haiyan-call typhoon is 460
years (i.e. less likely than reported in Takagi and Esteban [2016]) whilst the central estimate for
the JMA dataset (left panel) is 99 years. The uncertainty in the estimates is high for both datasets,
with a 90% confidence interval of 57 to 25,000 years and 20 to 1,400 years for the JTWC and JMA
datasets respectively.

Figure 13: Generalized Pareto Distribution (GPD) analysis of wind speed for the JMA (left) and
JTWC (right) observed TC datasets, for the periods 1982 to 2015 (JMA) and 1947 to 2015 (JTWC).
Uncertainty is estimated by the profile likelihood method and the outer curves represent the 95%
confidence levels. The minimum threshold is set to 30m/s. The blue line passes through the observed value of wind speed for Typhoon Haiyan in the JTWC dataset. Open circles show the sample
data used for the fits, plotted at empirical estimates of return periods.
Different observational datasets record TCs in different ways. The JMA dataset includes Typhoon
Haiyan as a weaker TC than in the JTWC dataset, meaning that the EVA results in a lower return
period (i.e. more likely to occur in any given year). The high level of uncertainty, resulting from a
small sample of intense TCs, means that we can never know the precise return period of such an
intense TC. However, it remains clear from all analyses that Typhoon Haiyan was an exceptionally
c Crown Copyright 2016

15

intense event. Shifts in the distribution of TC intensities in the future may increase or decrease the
likelihood of such an intense TC. The next section explores the projections in more detail to provide
new insight on how climate change may be affecting TC intensities in the region.

3.3
3.3.1

Simulated changes to tropical cyclones
Analysing tropical cyclones using TRACK

The TRACK software package4 , developed at the University of Reading, identifies vortices in gridded atmospheric datasets. It has been widely used to analyse TCs in atmospheric models, including in recent studies examining TC climates simulated by climate models (e.g. Manganello et al.
[2014]). In this study we apply TRACK to 3-hourly output from each RCM simulation to generate
information on TC tracks and associated time-varying maximum wind speeds, minimum sea-level
pressures and maximum rainfall rates5 . There are four stages in this process:
1. Calculate vorticity fields for different pressure levels throughout the atmosphere.
2. Identify tracks of near-surface atmospheric vortices.
3. Disregard storms that do not have warm cores extending throughout the troposphere (which
is a known physical property of real TCs).
4. Disregard storms below TC strength (with maximum sustained wind speeds of 17m/s).
The final step means that subsequent analysis does not include tropical storms where maximum
sustained winds do not reach the TC threshold of 17m/s, which may mean that results differ from
other modelling studies in the region that include weaker storms.

3.3.2

Model validation

To understand how well the regional model HadGEM3-RA represents TCs for different driving data,
the TRACK software has been applied to the four downscaled historical simulations using driving
data from ERA-Interim and the GCMs HadGEM2-ES, CNRM-CM5 and MRI-CGCM3. Before running TRACK, the RCM rim - a 1.5◦ wide buffer zone between the GCM domain and the RCM - was
removed from the data to minimise boundary effects caused by noise induced by the process in
which the coarse resolution of the GCM input is gradually interpolated to the higher resolution of the
RCM. Different attributes of the TC behaviour were compared to the JMA observations for the WNP.
Except for the analysis of track density across the domain, only TCs that entered the Philippines
area of responsibility (PAR) are considered in the validation presented here.
Annual TC frequencies, and frequencies of the more intense TCs (above 33m/s), are shown in
figure 14. The results show comparable values to the observations for the total number of TCs
in the simulations driven by ERA Interim, HadGEM2-ES and MRI-CGCM3, both in terms of mean
frequency and variability, but too few intense TCs are produced in these simulations. Conversely
the CNRM-CM5 simulation shows too many TCs and too much variability, both for the total number
of TCs and (to a lesser extent) for the number of intense TCs.
An important aspect of the TC climatology that the simulations should represent is the seasonal
cycle in TC activity. Average numbers of TCs per month for the four HadGEM3-RA downscaled
4 See

http://www.nerc-essc.ac.uk/ kih/TRACK/Track.html
the analyses conducted at PAGASA, maximum rainfall rates and minimum sea-level pressures were not included
considered.
5 In
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Figure 14: Annual TC frequencies for four HadGEM3-RA downscaled simulations and observations
for all TCs (top) and those exceeding sustained winds of 33m/s (bottom).
simulations and JMA observations are shown in figure 15. The observational dataset shows a clear
peak TC season during July, August and September and virtually no TCs during the early part of
the year. The seasonal distribution of the TCs obtained from the models is in good agreement
with the observed datasets, although the overall number of events is overestimated in the CNRMCM5 driven simulation. Although the number of early-season (June and July) TCs is substantially
underestimated by all but the CNRM-CM5 driven simulation, all four simulations have maxima in
TC activity during August or September (i.e. within the observed peak TC season) and few TCs
between January and April. In general the TCs occurring in the December to February (DJF)
and March to May (MAM) seasons are located further south than in the June to August (JJA) and
September to November (SON) seasons, and this annual pattern is consistent between the model
simulations and the observations.
Observed and modelled TC densities have been calculated over the domain; figure 16 shows the
average number of days per decade when a TC occurs in every 1◦ grid cell. Whilst the spatial
distribution of the TCs throughout the year in the models largely agrees with the observations, there
are some differences between the simulated and observed tracks. The absence of track density in
the northern and western edges of the domain in the simulations results from the removal of TCs
close to the rim of the model domain. Related to this, there are unrealistic maxima in the simulated
track densities around 23◦ N and 117◦ E. Many TCs entering or being generated in the south-eastern
part of the domain follow a re-curving path in the observations, tracking towards the northwest and
then re-curving towards the northeast (see JMA data in section 16). However, very few TCs follow
this path in the RCM simulations, with the majority of the TCs following a general east-to-west
trajectory. Moreover, the number of TCs leaving the domain at the northern boundary is lower
than in the observations. This is likely due to an issue with the RCM domain boundaries during
the computing of the vorticity field but further research and analysis is required to fully understand
this behaviour. The impact is a high concentration of TCs along a latitudinal line around 23◦ N
that artificially increases the number of TCs passing over the northern part of the Philippines. The
overall reliability of the track density information from the models is deemed to be low, meaning
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Figure 15: Average TC frequencies per month for four HadGEM3-RA downscaled simulations and
JMA observations for all TCs (top) and TCs with maximum sustained winds exceeding 33m/s (bottom).
that detailed spatial information (e.g. landfalling rates over the Philippines) cannot be realistically
extracted from the model simulations.
The distribution of the maximum intensities (i.e. the maximum sustained wind speed along the TC
trajectory) has been calculated for the four HadGEM3-RA downscaled simulations and the observations (figure 17). The HadGEM3-RA simulations produce a range of intensities that are comparable
to the observed wind speeds, though the observed distribution appears less smooth; this is because
observed wind speeds are recorded to the nearest 5-knot increment, which leads to a discontinuous distribution. The most intense TCs (e.g. maximum wind speeds greater than 60 m/s) are not
produced in the models, especially in the MRI-CGCM3-driven simulation, likely because simulating
such high intensities would require a higher spatial resolution than 12km.
Overall, the results of the validation demonstrate that we can be confident of the model simulations
regarding certain aspects of TC behaviour (e.g. seasonality) but less confident in others (e.g. spatial
distribution) and that the methods applied here can yield useful results for understanding the impact
of climate change on TCs affecting the Philippines.
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Figure 16: TC density maps for the four HadGEM3-RA downscaled simulations and the observations. The density values corresponds to the cumulated time during which a TC is present for each
1◦ grid cell, normalised to produce a value in days/decade.

Figure 17: Distribution of maximum intensities (i.e. maximum sustained wind speed) for the four
HadGEM3-RA simulations and the observations.
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3.3.3

Future projections

The TRACK method (see section 3.3.1) was applied to the three GCM-driven simulations (HadGEM2ES, CNRM-CM5 and MRI-CGCM3) for the mid-21st century period (2035 to 2064) under the RCP
8.5 greenhouse gas (GHG) concentration scenario. The results shown in this section focus on
projected changes to TC frequency, intensity and seasonality. In the model results shown in this
section, we cannot interpret the model simulations as deterministic predictions. In other words,
an individual year in the model output is not representative of what will happen in the real climate
system for that particular year. Also, year-to-year variations in the simulations will not correspond
to actual future year-to-year variations. However, we do expect that for a reliable model the climate
statistics (e.g. the mean and the range) of the output data is informative regarding the real climate
system.
As discussed in section 3.3.2 erroneous TC tracks are present to the west and north of the Philippines. It has not been possible to remove these by post-processing the RCM output and the
projected changes in TC frequency, intensity and seasonality discussed here will be affected and
should therefore be interpreted with caution. It is recommended that future work assess the robustness of the changes described here by generating downscaled simulations with a domain extending
further westwards and northwards. A boundary issue may still exist in such simulations but would
only affect areas distant from the Philippines.

Figure 18: Annual TC frequencies for historical (top) and future (bottom) periods for for HadGEM3RA driven by HadGEM2-ES (left), CNRM-CM5 (middle) and MRI-CGCM3 (right). Dotted lines correspond to the frequency of TCs that reach a maximum sustained wind speed of more than 33m/s.
Figure 18 shows TC frequencies for the HadGEM2-ES, CNRM-CM5 and MRI-CGCM3-driven simulations, respectively, for the historic and future periods. A decrease in the average number of TCs
is apparent for the HadGEM2-ES and CNRM-CM5 simulations, decreasing from an average of 12
(HadGEM2-ES) / 22 (CNRM-CM5) TCs per year to 10 (HadGEM2-ES) / 19 (CNRM-CM5); these decreases are statistically significant at the 95% confidence level. However, the TC frequency remains
the same for the MRI-CGCM3-driven model at 13 TCs per year. Projected changes in the number
of the most intense TCs are less obvious, though the HadGEM2-ES simulation shows a small but
significant (95% confidence level) decrease in the number of intense TCs (from an average of 4 to
3 per year), whereas the MRI-CGCM3 shows a small but significant increase (from an average of 3
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to 4 per year) and the CNRM-CM5-driven simulation does not show any change.
The future distribution of TC maximum intensities has also been investigated. Figure 19 shows
little change in the climatological distributions of TC intensities in the future compared to the historical period, especially for the HadGEM-2ES and MRI-CGCM3-driven simulations. However, the
distributions appear to be very slightly shifted towards higher intensities and a small but significant
increase in the mean TC intensity is found for the CNRM-CM5 simulation.

Figure 19: Distribution of maximum intensities for historical (top) and future (bottom) periods for
HadGEM3-RA driven by HadGEM2-ES (left), CNRM-CM5 (middle) and MRI-CGCM3 (right).
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4

Results: Comparison to PAGASA Downscaling Studies

Throughout the project PAGASA scientists have worked closely with colleagues at the Met Office
to discuss the experimental design, key areas of focus for data analysis, and software tools for
analysing the model simulation data. Ongoing engagement has enabled collaboration and a close
alignment of scientific activities. PAGASA have run RCM simulations over the same domain and
have used the same TRACK software to analyse TCs in the model data. This section compares
the Met Office simulations, presented in the previous section, to the PAGASA model simulations
conducted in the Philippines using the regional models PRECIS and RegCM4, and the “stretchgrid” model CCAM.

4.1

PAGASA climate model experiments

Like HadGEM3-RA, PRECIS and RegCM4 are both limited-area RCMs that are nested within a
GCM for a specific domain over the Philippines; they rely on the output of simulation data from
GCMs to provide input atmospheric and ocean data at the boundaries of the domain. CCAM is
a stretch-grid global atmospheric model with a higher spatial resolution over the Philippines and
a coarser resolution elsewhere. Therefore the model does not require atmospheric data but only
SSTs from GCMs; the SSTs used are bias-corrected to have the same long-term average SSTs as
observed.

4.2
4.2.1

Comparison of results
Model validation

Downscaled reanalysis (ERA-Interim) simulations have been run by PAGASA using the models
CCAM, PRECIS and RegCM4. Analysis has been performed on each of these simulations to enable
model validations using the JMA observations. The model simulations from PAGASA can also be
directly compared to the HadGEM3-RA simulation driven by ERA-Interim (see section 3.3.1).
Annual TC frequencies from the different ERA-Interim-driven simulations are shown in figure 20.
The results show similar TC frequencies and patterns of annual variability for the four RCM simulations compared to the observations. However, like the HadGEM3-RA simulations the CCAM and
the RegCM4 simulations are unable to reproduce a realistic number of the intense TCs (bottom
panel, figure 20), whereas the frequency of intense TCs from the PRECIS model are very similar to
the observations.
Average monthly frequencies of TCs for the period 1982-2003 for the four downscaled ERA-Interim
simulations (three PAGASA simulations and one Met Office simulation) are shown in figure 21. The
seasonal cycle of TC frequencies differs between the different RCMs. Unlike the HadGEM3-RA
and the PRECIS simulation, which show comparable results with the observations, RegCM4 and
CCAM produce too many TCs during the DJF season. Indeed, whereas the JMA, PRECIS and
RegCM4 datasets have the greatest average monthly frequency of TCs in August or September,
the CCAM dataset has a maximum in November. The over-estimation of TC frequency in DJF for
RegCM4 and CCAM leads an over-estimation of TCs over the southern part of the PAR. In addition,
the northern and western exit problem (discussed in section 3.3.2 and evident in figure 22) resulting
in a high concentration of TCs over the northern Philippines, is similarly evident for the PRECIS and
RegCM4 simulations but absent in the CCAM simulation. This increases the likelihood that RCM
boundary effects are the cause as CCAM is not a limited-area RCM and therefore doesn’t have
lateral boundaries.
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Figure 20: Annual TC frequencies for ERA-Interim-driven simulations from PAGASA, Met Office and
observations. Dotted lines correspond to the frequency of TCs that reach a maximum sustained
wind speed of more than 33m/s.
A TC density analysis shows mixed results (figure 22). The higher TC frequency in PRECIS leads
to a high density, especially in the northern part of the domain which is known to be affected by
the northen boundary issue described above. Conversely, the low frequency of TCs in the JJA and
SON seasons, and the higher frequency of TCs in DJF in the CCAM and RegCM4 simulations,
means that density values are higher in these models than in the observations for the southern part
of the domain. The PRECIS simulation is comparable to the results obtained with HadGEM3-RA in
terms of spatial pattern but the density values are higher throughout the domain.
Distributions of the maximum intensities (i.e. the maximum sustained wind speed) have also been
calculated for these datasets and they are shown in figure 23. The PRECIS simulations shows a
distribution similar to HadGEM3-RA, with a slight shift towards higher values (around 40 to 45m/s),
whilst the CCAM and RegCM4 simulations show very different distributions, with a much higher
proportion of weak TCs. This is again probably due to the high proportion of weak TCs in the DJF
season in these models. None of the models are able to produce the most intense TCs seen in the
observations.
Comparing these different RCM simulations to observations provides information on their reliability in representing TC characteristics over the Philippines. PRECIS results are not dissimilar to
HadGEM3-RA, though the total frequency of TCs is much higher, whereas RegCM4 and CCAM
show more different TC behaviour. The different seasonal distribution of TCs in the different model
simulations leads to large differences in the location and intensity of modelled TCs.
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Figure 21: Average numbers of TC per month for ERA-Interim-driven simulations from PAGASA,
Met Office and observations for all TCs (top) and TCs with maximum sustained winds exceeding
33m/s (bottom).

Figure 22: TC density maps for JMA observations and the the ERA-Interim-driven simulations from
PAGASA and the Met Office. The density values corresponds to the cumulated time during which a
TC is present for each 1◦ grid cell, normalised to produce a value in days/decade.
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Figure 23: Distribution of maximum intensities (i.e. maximum sustained wind speed) for JMA observations and the ERA-Interim-driven simulations from PAGASA and the Met Office.
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4.2.2

Model projections

In this section we present results from three different RCM simulations (HadGEM3-RA, PRECIS and
RegCM4) driven by the same GCM (HadGEM2-ES) and using the same high GHG concentration
scenario (RCP 8.5). In doing so we add value to the exploration of possible future TC changes
presented in section 3.3.3, where the focus was on analysing results for the same RCM driven
by three different GCMs, and demonstrate the uncertainty arising from the use of different RCMs.
CCAM results are not included in this comparison as HadGEM2-ES was not used to drive the
CCAM model. Moreover, the ERA-Interim driven CCAM simulation shows significant biases in the
seasonality of TCs in the Philippines, with most TCs occurring in November, December and January,
and not the July, August, September peak TC season indicated by the JMA observations 21.
It has not been possible to remove TC tracks affected by boundary issues (described in section
3.3.2) and the results presented in this section should therefore be interpreted with caution. In
addition, as described in section 3.3.3, we cannot expect any climate model (even a perfect model)
to predict individual years in the future accurately; rather we are interested in the predicted changes
in the climate statistics of the future simulations - e.g. changes in the overall mean and variability of
different TC attributes.
TC frequencies from the downscaled simulations for the historic and future periods are shown in
figure 24; note that there are some missing years in the PRECIS data (left column) due to issues
in the tracking of TCs within these years. The frequency analysis show a decrease in the total
number of TCs entering the PAR for the mid-21st century across model simulations; decreases in
the average number of TCs are all statistically significant at the 95% confidence level. Decreases in
the frequency of the most intense TCs are only evident in the HadGEM3-RA simulation, noting that
the RegCM4 model produces too few intense TCs.

Figure 24: Annual TCs frequencies for HadGEM2-ES-driven simulations from PAGASA and the Met
Office for the historical (top) and future (bottom) periods. Dotted lines correspond to the frequency
of TCs that reach a maximum sustained wind speed of more than 33m/s.
Despite large discrepancies in the intensity distributions between RegCM4, PRECIS and HadGEM3RA, all model simulations project small increases in TC intensity in the future (figure 25), though the
increase is only significant for the PRECIS simulation. These results are consistent with the results
obtained for HadGEM3-RA with other driving GCMs (see section 3.3.3).
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Figure 25: Distribution of maximum intensities (i.e. maximum sustained wind speed) for HadGEM2ES-driven simulations from PAGASA and the Met Office, for the historical (top) and future (bottom)
periods.
The projected changes vary by season. Table 3 shows future percentage changes in the annual
and seasonal frequencies and maximum windspeeds of simulated TCs. Whilst all simulations show
decreases in the annual frequency of TCs and increases in intensity (not significant for all simulations), there are large variations across seasons for the different models; note that large percentage
changes in the DJF and MAM seasons result from very few total TC numbers. All simulations agree
on decreases in the frequency of TCs in the JJA season but not in the SON season. Conversely, all
simulations agree on increases in the intensity of TCs in the SON season but not in the JJA season.
Further investigation is required to explore these results in more detail.
Simulation
1
2
3
4
5

Changes to frequency
Annual
-21.95
-14.81
-1.52
-4.76
-12.56

DJF
+620.00
-22.58
-8.33
+22.20
-2.17

MAM
-37.50
-4.35
-13.33
-36.36
-8.00

JJA
-26.67
-13.04
-1.92
-7.81
-4.88

Changes to intensity
SON
-20.00
-17.20
+3.77
+18.46
-32.26

Annual
+1.67
+4.42
+1.75
+4.56
+2.02

DJF
+4.68
+3.91
-4.91
+9.97
+1.38

MAM
-1.62
+7.43
+1.5
+20.30
+0.83

JJA
+1.03
+3.23
+1.74
+6.29
+2.66

Table 1: Table 3: Percentage changes in the annual and seasonal frequencies and maximum windspeeds of simulated TCs between the future periods (2035 to 2064) compared to the historical period (1971 to 2000) for the RCP8.5 scenario. Model simulations 1 to 3 are HadGEM3-RA driven by
HadGEM2-ES, CNRM-CM5 and MRI-CGCM3, and simulations 4 and 5 are PRECIS and RegCM4
driven by HadGEM2-ES.
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SON
+1.97
+4.32
+2.05
+0.87
+3.14

5
5.1

Building on Knowledge from Previous Studies
Past trends in tropical cyclone frequency and intensity

A number of past studies have investigated historical changes in TC activity in the WNP. Webster
et al. [2013] analysed the JTWC observational dataset and found an increase in the intensity of
category 4 and 5 TCs in the WNP in the latter part of the 20th century. However, a study by Wu
et al. [2006] showed that this finding was not supported by analysis of “best track” data available
from the Hong Kong Observatory (HKO). More recent studies have found that JTWC records are
likely to overestimate the number of intense TCs after the late 1980s due to the termination of
aircraft reconnaissance [Kossin et al., 2007, Wu and Zhao, 2012]. In a study focused solely on
landfalling TCs in the Philippines between 1902 and 2005, Kubota and Chan [2009] used a merged
dataset combining different TC datasets and found no significant trends in TC activity. A recent
study by Cinco et al. [2016], assessing past trends in TCs in the Philippines, show that average TC
intensities and frequencies have not changed significantly over the past century.
Interpretation of long-term historical trends in WNP TCs is constrained by data quality concerns
[Hijioka et al., 2013]. An additional factor that contributes to uncertainty in both historical and future
changes in WNP TC activity is that this activity is strongly affected by modes of internal climate
variability and complex interactions between them [Hong et al., 2016]. Studies assessing longterm trends due to anthropogenic forcing have attempted to remove these effects. For example,
Kossin et al. [2016] used multiple regression to remove the effect of the El Nino Southern Oscillation
(ENSO) and the Pacific Decadal Oscillation (PDO) from 70 years of historical best-track data, finding
a poleward shift in TC tracks in the WNP. It remains unclear whether or not there has been any
detectable anthropogenic influence on TC activity in the WNP basin [Lee et al., 2012].

5.2

Future projections of tropical cyclone behaviour from previous studies

Previous modelling studies have projected future decreases in the globally averaged frequency of
TCs by 6 to 34% by the end of the 21st century but there is very low confidence in projected changes
for individual ocean basins [Hijioka et al., 2013]. The projected decrease in global TC frequency is
believed to be related to a projected decrease of vertical motions in deep convective systems as well
as a projected decrease in the relative humidity of the mid-layers of the atmosphere in the tropics,
a result consistent with many global warming studies [Bengtsson et al., 2007, Emanuel et al., 2008,
Zhao et al., 2009].
Different modelling studies disagree on future changes in TCs in the WNP region. The IPCC fifth
Assessment Report (AR5) suggests a tendency for decreased overall TC numbers in the WNP
[IPCC, 2013] but does not provide any information on changes to landfalling TCs in the Philippines.
More recently, Manganello et al. [2014] find a tendency for more TCs to develop further south.
However, Kossin et al. [2016] found a poleward shift in TC tracks that is expected to continue into
the 21st century based on downscaled CMIP5 simulations under a RCP 8.5 scenario.
Confidence in projections of WNP TC activity is limited by the performance of GCMs. Han et al.
[2016] find that biases in TC numbers and tracks vary between atmosphere-only GCMs. The results
of Roberts [2015] also suggest deficiencies in atmosphere-only GCMs in simulating differences
between WNP TC activity for different phases of ENSO, reducing our confidence of projections in
TC activity based on coupled atmosphere-ocean GCMs. This applies to projections from RCMs
downscaled with GCM output, as it is unlikely that downscaling will eliminate biases (see section
3.1).
Modelling studies are often unable to draw conclusions about very strong TCs as these are not
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well represented in limited-resolution models. However, modelling studies that have been able to
simulate very strong TCs typically project future increases in the frequency of the most intense TCs
of between 2 and 11% by 2100 in the WNP [Emanuel et al., 2008, Bender et al., 2010, Knutson
et al., 2010b,a, Murakami et al., 2012] and increases in the lifetime-maximum wind speeds of the
strongest TCs have also been projected [Elsner et al., 2008]. The IPCC AR5 shows a tendency
for an increase in the number of intense (category 4 and 5) TCs in the WNP; an increase in the
frequency of the strongest TCs is considered “more likely than not” [IPCC, 2013].
In addition to analysing future changes in the basic properties of TCs, studies have also investigated
properties more directly related to impacts. Increases in TC wind speeds, such as those projected
by Elsner et al. [2008] may have a disproportionate effect on the impacts of TCs as storm surge
heights are expected, in general, to increase with the square of the TC wind speed [Woodruff et al.,
2013]. In addition, coastal sea level extremes relative to the shoreline will be impacted by increases
in the baseline mean sea level and any local vertical land movements (see the project website for
the sea level report). Relative to wind speed projections, there is more confidence that precipitation
totals associated with TCs will increase. High resolution modelling studies mentioned in the IPCC
AR5 [IPCC, 2013] project increases of up to 20% in the precipitation rate within 100 km of the TC
centre.

5.3

Added knowledge from new model information

In this study we have explored TC behaviour across different RCMs and GCMs. Though large
discrepancies appear between the different simulations, and issues are evident in the tracks of TCs
produced in the limited area RCM experiments, there is some consistency amongst the results that
provides new insight and evidence to build on existing knowledge. Overall, the model projections
increase confidence in the expectation of no change or fewer TCs in the Philippines region by the
mid-21st century under a high GHG concentration scenario. However, an increase in TC frequency
is still possible given that the simulations in this study do not thoroughly explore uncertainty. In
addition, whilst confidence in projections of future changes to TC intensity remains low, there are
some small but significant increases in the intensities of TCs within some of the model simulations.
However, the analysis of the frequency of the most intense TCs (which encompass typhoons and
supertyphoons) show opposite results depending on the RCM and driving GCM.
The high year-to-year variability exhibited by model simulations in the past and future periods show
that year-to-year variability will likely continue to dominate the climate risks, rather than any systematic change to TC behaviour in a warming climate. Further understanding of the role of internal
natural variability on the frequency, intensity, size and rainfall associated with TCs in the WNP is
required to improve near-term forecasting capabilities and support development decisions sensitive
to TC risks.
One aspect that will likely be of particular interest to decision makers is whether or not the model projections can be used as a basis for future information relevant to different regions of the Philippines.
Whilst the model simulations produce different data (and climate changes) for different regions this
doesn’t mean we can, or should, interpret the data as credible spatial information to inform planning
decisions. Maps shown in the model validations (sections 3.3.2 and 4.2.1) reveal large discrepancies between the models and the observations. Consequently, errors and limitations associated
with the modelling preclude a reliable assessment of sub-regional changes in TC activity.
Further analysis of model output data is required to determine conclusions for different parts of the
country. Through a combination of further analysis (e.g. looking at sub-seasonal activity and the
likely causes of any changes in the model projections) and additional targeted experiments (e.g.
exploring the impact of moving the northern RCM boundary further north), it could be possible
to strengthen understanding of the results and potentially provide more conclusive information for
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landfalling TCs across the northern, central and southern regions of the Philippines. Nevertheless,
the work conducted in this study has improved knowledge from existing studies which are oceanbasin wide, and whilst reliable sub-national projections of TCs under climate change are not yet
available, the focus of this study on the Philippines region provides information of greater salience
to decision makers than previous studies.
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6

Conclusions

In this report we have outlined the collaborative modelling approach taken by the Met Office and
PAGASA, and presented the findings of RCM simulations to investigate future changes in TC activity
in the Philippines region. By downscaling a selection of CMIP5 GCM simulations, this study provides
information on changes to TCs under historic climate conditions and under a future high GHG
emissions scenario. The project findings build on existing high resolution climate modelling studies
that cover the wider WNP region, specifically focusing on changes to TCs affecting the Philippines by
the mid-21st century, thereby aligning with the long-term planning time horizons of many adaptation
and investment decisions.
Each simulation produces different changes to TC frequencies and intensities under a warming
climate. Some future projections show small but significant decreases in the annual frequency
of TCs in the Philippines region, with other simulations showing no change. In addition, some
simulations show small but significant increases in the intensity of TCs, with others showing either
insignificant increases or clearly no change. These projections are consistent with previous studies
in the wider region, such as those reported by the IPCC AR5. Our findings therefore strengthen
confidence in the expectation of no change or a small reduction in the frequency of TCs in the
Philippines region as well as no change or a small increase in TC intensities. However, the biases
evident in the model simulations, and the experimental constraints, means that confidence in model
projections remains relatively low and conclusions cannot be drawn at smaller scales to inform
projections in different parts of the Philippines.
Analysis shows that a key contributing factor for a reduction in the number of TCs could be the
projected increase in wind shear and, in some cases, a decrease in mid-level atmospheric relative
humidity. Conversely, projected increases in sea surface temperatures and, for some simulations,
increases in relative humidity appear not to impact substantially on intensifying TCs, as might be
expected. Further analysis is required to understand the causal factors and their influence on TCs
found in this study.
Irrespective of whether overall TC numbers and intensities increase or decrease, the model simulations show that year-to-year variability will remain high. This result has significant implications
for those involved in making decisions to help build climate resilience and reduce the impacts of
climate change. It implies that we should continue to expect years with many damaging TCs and
other years with very few. Analysis of past TCs undertaken in this study builds on recent research to
show that, though uncertain, an event as intense as Typhoon Haiyan would be expected to happen
between once every 100 and 500 years (i.e. between a 2% to 10% chance of occurring in any
decade). Given the future projections noted above, another landfalling-typhoon of this intensity is
therefore not unlikely within the time-frames considered by this project. Using information on past
typhoons and their impacts remains highly relevant to long-term planning. Combining historical
information and knowledge with the additional information produced in this study, showing the potential for slightly fewer and more intense TCs in the future, can help in assessing the robustness of
decisions in a changing climate.
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Acronyms
AR5

fifth Assessment Report

CMIP

Coupled Model Intercomparison Project

DFID

UK Department for International Development

ENSO

El Nino Southern Oscillation

EVA

Extreme Value Analysis

GCM

Global Climate Model

GHG

Greenhouse Gas

IPCC

Intergovernmnetal Panel on Climate Change

JMA

Japan Meteorological Agency

JTWC

Joint Typhoon Warning Center

PAGASA

Philippine Atmospheric, Geophysical and Astronomical Services Administration

PAR

Philippines Area of Responsibility

PDO

Pacific Decadal Oscillation

PRECIS

Providing REgional Climates for Impacts Studies

RCM

Regional Climate Model

RCP

Representative Concentration Pathway

SSTs

Sea Surface Temperatures

TC

Tropical Cyclone

WNP

Western North Pacific

WP

Warm Pool
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