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5.1 Introduction
The Met Office Hadley Centre (MOHC) Regional Climate Model (RCM) HadGEM3-RA
has been used to downscale a subset of the Coupled Model Intercomparison Project 5
(CMIP5, Taylor et al., 2012) Global Climate Model (GCM) ensemble projections over
Southeast Asia. These downscaled projections were created in order to provide a
representative range of future climate changes consistent with the latest scientific
assessment of global and regional climate change.
The climate changes simulated in the GCMs, and downscaled using the RCM, result
from increases in greenhouse gas concentrations specified in the simulations. Two
different sets of future concentrations are used in the projection experiments as specified
by two Representative Concentration Pathways (RCPs), RCP8.5 and RCP4.5. RCP8.5
assumes larger concentrations and in general results in larger climate changes than
projections using RCP4.5, especially by the end of this century. Most results in this
report come from the RCP8.5 projections. To provide some context on how a less
extreme concentration pathway would affect the projected changes some results are
also shown from the RCP4.5 projections for the end of the century. Over the next 2-3
decades the influence of using different concentration pathways is small.
This report provides an assessment of changes in the dynamically downscaled (DDS)
RCM projections, comparing them to changes in their driving GCMs and also in the full
CMIP5 ensemble. It focuses on statistics of temperature, precipitation and surface and
lower-tropospheric winds, with analyses performed at seasonal, monthly and daily
timescales. Daily data are analysed to generate results on maximum and minimum
temperatures, heavy precipitation and high near-surface wind speed. These results are
provided as maps of changes for key seasons alongside summaries over relevant land
and sea regions within the RCM domain.
As a major output of this project is to provide a set of climate scenarios relevant to
climate change adaptation in Singapore, the report also focuses in detail on the
projected climate changes within the country itself and its immediate vicinity. This
includes analysis of local changes in precipitation, temperature, relative humidity and
winds, including a focus on extremes. Providing projections at the city scale is very
challenging. This is particularly the case for a region where the dominant rain bearing
weather systems are convective thunderstorms. To enable impact modellers to make
use of the projections, bias correction of the RCM outputs is required based on the
observed climatology for Singapore. This step is usually carried out by the impact
modellers themselves but it has been performed within this study to ensure a
consistency of approach to bias correction.
Large-scale drivers modulate the local climatic conditions and future changes in these
drivers will have a significant impact on Singapore’s climate. Two prominent examples
are cold surges during the northeast monsoon season and the influence of the El Nino
Southern Oscillation (ENSO), which is particularly important during the southwest
monsoon season. Where ENSO is concerned, the IPCC AR5 reports that ENSO will
very likely remain a dominant source of variability in the tropical Pacific, with global
influences continuing through the 21st century. With climate change, AR5 also suggests
that the variability of rainfall related to ENSO will likely intensify as the ocean
temperatures warm overall. This intensification may impact Singapore, particularly in the
southwest monsoon season.
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Whether El Nino will systematically alter its frequency and/or intensity in a future climate
is as yet unknown but, if it should do, this would have a significant local impact in this
region. The extent to which ENSO changes are captured in this study is limited by the
ability of the various global climate models to simulate ENSO processes realistically (see
Chapter 4).
Most of the results presented in the main report focus on the 30-year mean climate
change at the end of the century (2070-2099) compared to a baseline period of 19802009. Some results are shown displaying changes in earlier 30-year periods to provide
information on their evolution through the century.
The results introduced above are described in Sections 5.4 and 5.5 of the report and
preceded by descriptions of the methodology (Section 5.3) and data (Section 5.2) with a
summary following in Section 5.6.

5.2 Methodology
To generate a range of high resolution climate scenarios for use in adaptation planning
in Singapore and Southeast Asia, a 12km-resolution configuration of the MOHC RCM
HadGEM3-RA has been used to dynamically downscale a set of 9 GCM simulations
selected from the CMIP5 archive and run for the period 1950-2100. (Details of the model
formulation and experimental set up are available in the Supplementary Material). During
the first 60 years the models use observed concentrations of greenhouse gases to
provide simulations of the historical period (1950-2010) whose skill can then be
evaluated by comparing with available observations.
For the simulations of plausible future climate conditions the GCMs and the RCM use
two different sets of future greenhouse gas concentrations as specified by two
Representative Concentration Pathways (RCPs, van Vuuren et al., 2011). The RCPs
specify a sequence of annual values of greenhouse gas concentrations encompassing a
wide range of possible future scenarios of these gases. Four pathways have been
defined which range from continued large increases in greenhouse gases (as
represented in RCP8.5) to slower, but significant, rates of increase, RCP6.0 and RCP
4.5, and finally, in RCP2.6, a pathway involving substantial mitigation actions leading to
rapid reductions in emissions in the coming decades.
The two RCPs chosen for the global and regional model simulations respectively used
and generated in this project were RCP8.5 and RCP4.5. The central values of the
expected range, within which the average temperature of the Earth’s surface is expected
to warm by the end of the century as a result of these concentrations is 4.3°C and 2.4°C
respectively (IPCC, 2013).
The use of dynamical downscaling in this project, taking outputs from a GCM to drive a
higher resolution RCM, is designed to generate simulations which have additional
realistic spatial and temporal detail compared to that in the driving GCM. Higher
resolution allows better representation of the land surface, coasts and topography in the
RCM and allows the RCM to simulate a broader spectrum of atmospheric dynamics and
disaggregate important weather variables such as rainfall and wind, thus simulating
values that are closer to those experienced in the real world. For example, rainfall in a
typical GCM represents the average over an area of the order of 150kmx150km whereas
in the RCM it represents it as an average of an area of only 12kmx12km, although this is
still large compared to the scale of localised rainfall events that are characteristic of
Singapore’s weather.
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The RCMs are driven by boundary conditions from the GCMs specified every 6 hours,
so they follow the evolution of weather events simulated by their driving models and
produce results which are reasonably consistent over larger scales (see Chapter 4).
Over ocean areas in the RCM domain a lower boundary condition is applied which
consists of daily updates of sea surface temperatures (SSTs) produced by the driving
GCMs. Thus the RCM simulations can be viewed as higher resolution realisations of the
climate (change) simulation of their driving models in the region over which they are
applied and with the addition of some RCM-specific signals.
The assessment of the RCM simulations focuses on changes in several weather and
climate variables relevant to assessing risks to human and natural systems posed by
climate change. These include temperature, precipitation and wind-speed at seasonal to
daily time-scales. The analysis focuses on changes in both seasonal averages and
extremes, with a focus on heavy rainfall and dry spells, temperature minima and maxima
and high wind-speeds. As the RCM simulations were designed to generate a range of
detailed climate changes consistent, at large-scales, with those in the wider CMIP5
ensemble (and so generate results consistent with the latest scientific findings on climate
change assessed in the IPCC AR5), matching analyses were performed of the driving
GCMs and the wider CMIP5 ensemble to put the RCM results in this broader context.

5.3 Data and analyses
Data from the four following sources have been used in the analyses reported here:
1. CMIP5 GCM data providing the latest coordinated climate projection dataset for
regions of the globe and assessed in the IPCC AR5.
2. 9 CMIP5 GCMs selected in Chapter 3 as suitable for generating a scientifically
defendable and representative range of climate change projections for Southeast
Asia.
3. 9 high resolution downscaled projections using the MOHC RCM HadGEM3-RA
driven by the 9 selected CMIP5 models.
4. A subset of the Singapore-region RCM data, bias-corrected by matching the
historical simulations of daily distributions of temperature, precipitation, relative
humidity and wind speed to observations, using a quantile-matching methodology.
The data from the first three sources are used to generate the region-wide analyses of
temperature, precipitation and winds reported in Section 5.4. Data from the fourth source
are used to analyse the local changes in Singapore.
The regional analyses performed for this report comprise assessment of seasonal or
monthly averages of temperature, precipitation and winds and various metrics of the
daily mean, minima or maxima of these variables. These statistics are calculated for two
seasons, November-December-January (NDJ) and June-July-August (JJA). The first is
chosen as the time of the northeast monsoon. This typically results in the largest
seasonal and daily totals of rainfall in Singapore (and areas in the south of the RCM
domain in general), some of which result from ‘cold surges’ – a feature of the
intraseasonal variability of the northeast monsoon, which typically bring several days of
prolonged and widespread rainfall to Singapore, accompanied by higher regional sea
levels. The second season, during the southwest monsoon, is one of the relatively drier
periods over Singapore and the neighbouring lands of Indonesia and Borneo, but of
course the dominant rainfall season for continental Southeast Asia, and thus important
for agriculture there and of wider regional relevance.
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The characteristics of these two seasons provides a focus for the regional analyses in
this report which assess changes in precipitation and winds in NDJ, changes in
anomalously dry seasons and changes in temperatures in JJA. A full set of analyses for
all variables and statistics considered is provided in the appendices and includes
analyses for the two additional “seasons” of February-March-April-May, FMAM, and
September-October, SO, which respectively contain or comprise the dry phase on the
northeast monsoon and the inter-monsoon transition periods. Looking at Southeast Asia
as a whole, the definition of the monsoon seasons varies, particularly for the winter
monsoon season when the onset slowly propagates equatorwards across the region.
When analysing the projected changes over Singapore the usual local classification of
seasons is adopted, as this is most relevant to national end users.

5.4 Regional climate change projections for Southeast
Asia
This section provides a region-wide overview of the changes in the meteorological
variables described above. Detailed changes over Singapore and neighbouring areas
are discussed below in Section 5.5.
Changes in mean climatology
To provide context for some of the seasonal-specific results shown we present here a
summary of area-averaged changes in surface temperature and precipitation (Figure 5.2
a and b) over the main land areas in the RCM domain (see Figure 5.1) and all land and
sea points.

Figure 5.1: Sub-regions used in following analyses: Continental South East Asia (CSEA), Malay
Penisula and Sumatra (MaPS), Borneo (Born), Java, South China Sea (SCS) and Philippines (Phil).
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Figure 5.2a shows that there is consensus on warming over the region and with this
being about a degree greater over land. However, there is a wide range in the projected
magnitudes of between 2 and 6°C across the annual cycle over the different regions.
Also, with the exception of Borneo, there is no consensus over land areas on the
evolution of changes in temperature across the annual cycle.

Figure 5.2a: Monthly changes in area-averaged surface temperature, five land and one ocean areas
in SE Asia (top 6 panels) and for the domain-wide set of land and sea grid-boxes (bottom 2 panels),
from the 9 dynamically-downscaled projections for the period 2070-2099 compared to a baseline of
1980-2009 under the RCP 8.5 concentrations pathway.

For precipitation there is even less agreement with projections of change over
continental Southeast Asia in some months of the southwest monsoon season ranging
from typically +2 to -2 mm/day (Figure 5.2b). The results from the other regions show
that the models mostly tend to be clustered together and generally project both positive
and negative changes through the annual cycle. Only over Java is there some
consistency in the evolution of changes, tending to decline from (large) positive changes
at the start of the year to negative or small positive changes in JJA before increasing
again from around October.
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Figure 5.2b: Same as Fig 5.2a but for changes in monthly precipitation.

To provide some general guidance on how projected changes evolve under different
greenhouse gas concentration pathways and to put the RCM projections into the wider
CMIP5 context, summary statistics have been calculated of changes projected for both
the beginning and end of the century and under both RCP4.5 and RCP8.5 greenhouse
gas concentration pathways (Figures 5.3 and 5.4).Comparing the black bars with the
underlying grey box and whiskers shows how much of the full CMIP5 range is captured
by the 9 selected GCMs, noting that some of the GCMs in the full CMIP5 range were
excluded as being implausible (see Chapter 3) and thus this full range cannot be
considered a reliable indication of plausible future climate changes. The adjacent
coloured bars represent the range of the 9 RCMs downscaled from the selected 9 GCMs
for the two emission scenarios, RCP4.5 (blue) and RCP8.5 (red).
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Figure 5.3a: Projected changes in average precipitation (mm/day) in the NDJ season for the 9
dynamically downscaled CMIP5 models (right-hand coloured bar of each pair) compared to their
driving GCMs (left-hand black bar of each pair) and those from the full CMIP5 ensemble (grey box
and whiskers underlying the black bars). Range of changes averaged over the regions defined by the
boxes on the map are displayed for the near-term (2010-2039) and the end of the century (2070-2099)
compared to a baseline of 1980-2009 and for two different greenhouse gas concentration pathways,
RCP4.5 (blue) and RCP8.5 (red). In the symbols for each region, the middle line represents the
median and the ends the minimum and maximum values with, for the CMIP5 results, the boxes
representing the interquartile range of the changes. The orange shading represents the two standard
deviation range in interannual variability of the seasonal average over each region in the ERAinterim simulations for the baseline period with the red dashed lines indicating the one standard
deviation range. The map displays the RCP8.5 median change from the 9 RCM projections.

In the case of precipitation (Figure 5.3a) probably the most striking feature is that for
almost all regions, emission scenarios and time-periods, the projected changes are often
small compared to the natural interannual variability depicted by the two standard
deviation range in an historical RCM simulation driven by the ERA-Interim reanalysis
(see Chapter 4 for details of this simulation). There is a tendency for the RCMs to
enhance the range of possible outcomes compared to the 9 GCM projections,
suggesting that changes in circulation associated with the greater regional detail in the
RCMs is driving stronger regional changes in precipitation.
Although these changes are small compared to interannual variability they can still be
statistically significant as is shown in Figure 5.3b. Here we focus just on the RCM results
show in Figure 5.3a and compare them with variability in 30 year means from the CMIP5
GCM historical simulations. This shows that RCM projections which define the range of
the changes are all significant. It also indicates clearly that the range of plausible future
projections includes both significant increases and decreases of precipitation.

nd

Singapore 2 National Climate Change Study – Phase 1
Chapter 5 – Climate Change Projections

8

Figure 5.3b: Projected changes in average precipitation (mm/day) in the NDJ season for the 9
dynamically downscaled CMIP5 models (coloured bars in the regional boxes). The middle line
represents the median and the ends the minimum and maximum values. Ranges of changes are
displayed for the near-term (2010-2039) and the end of the century (2070-2099) compared to a
baseline of 1980-2009 and for both RCP4.5 (blue) and RCP 8.5 (red). The orange shading represents
the standard deviation of 30 year averages calculated from long historical runs of the GCMs used in
IPCC AR5, and the hatching corresponds to regions where the projected median change is less than
this standard deviation.

For temperature (Figure 5.4) there is a clear warming signal, which lies outside the
natural variability for both scenarios and for both time periods. The range of possible
outcomes is generally similar to the corresponding GCM range. These results also
clearly show that temperature changes earlier in the century are largely independent of
the concentration pathway, but that the more moderate future concentrations (RCP4.5)
lead to significantly lower temperature changes during the later decades. Unlike the
precipitation, future changes in temperature far exceed the current variations
experienced in all of the regions.
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Figure 5.4: The same as Figure 5.3 but for surface air temperature (°C) in the JJA season.
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The region-wide patterns of changes in precipitation in the northeast monsoon season
(NDJ) all show projected increases over Borneo and in many cases over Sumatra and
Java, and adjacent sea areas (Figure 5.5). The signal over the Malay peninsula is
generally smaller and positive in some models and negative in others. Over the South
China Sea the projections are also very variable with two models projecting large
positive changes, one a large negative change and the others mixed changes but
always with the negative changes in the north and positive in the south.
There is reasonable consistency between the RCM projections and those in their
respective driving models though there is a systematic tendency in the RCMs to project
drying over the Malay peninsular even when the driving models project an increase.
Also, the RCMs tend to enhance both wet and dry anomalies over the oceanic regions
with larger increases in the south and decreases to the north.

Figure 5.5: Projected changes in average precipitation (mm/day) in the 9 dynamically downscaled
CMIP5 models (left 9 panels) and for their driving GCMs (right 9 panels) for the Northeast monsoon
season (NDJ).
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Figure 5.6a: For the season of November-December-January, the climatological 850 hPa seasonal
wind climatology (top panel) and projected changes in this seasonal wind field in the 9 downscaled
GCMs. Arrows show direction and strength of the wind or wind changes with the shading showing
magnitude of or the change in wind speed in m/s.
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Figure 5.6b: As Figure 5.6a but for the July-July-August season.

Some clear changes in circulation are projected with large increases seen in the
climatological flow in the downscaled CNRM and IPSL simulations across the whole
South China Sea (Figure 5.6a). However, the downscaled CSIRO and, to an extent, the
GFDL simulations, project a weakening and the other projections show only small
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changes. Thus there is no clear consensus on how the monsoon circulation will change
in the future.
In addition, there seems to be no clear link between the precipitation and circulation
changes. The models with the largest precipitation changes west of Borneo (downscaled
IPSL, CSIRO and GFDL simulations) project respectively large positive, negative and
small circulation changes. In three simulations (downscaled ACCESS, CanESM and
CSIRO) there are strong north-easterly anomalies to the south west of Sumatra and all
project negative precipitation anomalies here. However, in the other projections wind
anomalies are small and with both negative and positive precipitation anomalies.
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Figure 5.7a: 95 percentile daily wind speed simulations and projected changes in m/s, for the NDJ
season: historical simulations in column 1, future projections in column 2 and the projected future
changes from RCM and GCM in column 3 and 4 respectively.

Changes in mean near-surface winds will in general have implications for high windspeeds and we assess the projected changes in the 95th percentile of daily mean wind
speeds (Figure 5.7). Comparing with Figure 5.6 indicates that these high wind-speed
events generally change less than the seasonal mean winds with changes generally less
than 1 m/s. Again the RCMs follow the broad-scale signal of the GCMs though clearly
show significant details not seen in the GCMs.
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Figure 5.7b: As Figure 5.7a but for the JJA season.

Five models (ACCESS, CMCC, CSIRO, GFDL and IPSL) project large increases in
seasonal average 850hPa wind-speeds in JJA over the oceanic areas in the north or
centre of the domain (Figure 5.6b) but in only three (ACCESS, CSIRO, GFDL) are these
accompanied by increases in 95th percentile daily 10m wind speeds (Figure 5.7b). Also,
as with NDJ, the magnitudes of these 10m wind-speed changes are less than those in
the seasonal average 850hPa winds.
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Figure 5.8: 95 percentile daily precipitation simulations and projected changes in mm/day, for the
NDJ season: historical simulations in column 1, future projections in column 2 and the projected
future changes from RCM and GCM in column 3 and 4 respectively

Figure 5.8 presents the related changes in a measure of extreme precipitation, the 95th
percentile of the distribution of daily precipitation totals. As noted in the evaluation report
the values of this statistic in the downscaled GCM simulations compare reasonably well
with observations over the sea but are generally too low over land. The projected
changes of extremes over the sea generally follow the mean changes but with a
tendency to project larger areas of positive change, i.e. projecting increases in extreme
rainfall in some areas where the average is projected to decrease. This is seen in many
regions, i.e. where a seasonal average is projected to change little or to have a small
decrease, increases in extremes are often simulated.
Noting the caveat above about the validation of extreme precipitation over land, there is
significant consensus amongst the models in projecting increased extreme precipitation
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over almost all land areas in the southern part of the domain. Thus whilst the magnitude
of these changes may be uncertain, this implies a degree of confidence in the overall
projection of increased extreme precipitation over land. Finally, over those oceanic areas
where the models project increases in heavy precipitation intensity, these are generally
larger in the RCMs than in the GCMs.
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Figure 5.9: 25 percentile seasonal average precipitation simulations and projected changes in
mm/day, for the NDJ season: historical simulations in column 1, future projections in column 2 and
the projected future changes from RCM and GCM in column 3 and 4 respectively .

Another important statistic associated with precipitation at the dry end of the spectrum is
the tendency for lower than average seasonal rainfall, which impacts both water
resources (in the wet season) and vegetation (in the dry season). We assess potential
changes in low seasonal rainfall totals by considering projected changes in the 25th
percentile of seasonally averaged precipitation. In the wet season over Singapore and
the southern part of the region, NDJ (Figure 5.9) most of the RCM projections are for
reduced precipitation over the Malay peninsula in these anomalously dry conditions.
Over Borneo the opposite signal is generally seen, i.e. anomalously dry rainy seasons
are projected to get wetter and this is mostly the case over Sumatra and Java though the
signals here are more mixed.
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Figure 5.10: As Figure 5.9 but for the JJA season.

In the dry season for the southern part of the domain, JJA (Figure 5.10), there is a clear
signal of lower average rainfall in dry seasons in all but northern Borneo and southern
Sumatra. Conversely, to the north of these areas, including the Malay peninsula these
low rainfall dry seasons are projected to get wetter.
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Figure 5.11: 90 percentile daily maximum temperature simulations and projected changes in °C for
the JJA season: historical simulations in column 1, future projections in column 2 and the projected
future changes from RCM and GCM in column 3 and 4 respectively .

As shown at the start of this section there is clear consensus from the dynamicallydownscaled GCM simulations that average temperatures are expected to increase
significantly in the future. These increases will also influence temperature extremes with
changes in hot days and warm nights having the largest potential to cause negative
impacts. In our analysis we represent these by calculating the 90th percentile of the
distribution of daily maximum and minimum temperatures respectively and again focus
on the dry season over the southern part of the domain, JJA. Projected changes in
extreme daily maxima (Figure 5.11), range from 3 to 8°C over land areas, and are at
least 4.5°C over many areas. These changes are generally greater than the changes in
seasonal average temperatures for the respective models.
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Figure 5.12: 90 percentile daily minimum temperature simulations and projected changes in °C, for
the JJA season: historical simulations in column 1, future projections in column 2 and the projected
future changes from RCM and GCM in column 3 and 4 respectively.

Similar results are seen for the projected changes in extreme daily minima (Figure 5.12)
though with the increases over some land areas, e.g. continental Southeast Asia, larger
than those for the maximum temperatures in many models, suggesting a narrowing of
the diurnal range.
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To put these projected changes in extremes in the downscaled GCMs into a wider
context we have also analysed changes in these metrics in their driving GCMs and the
full CMIP5 ensemble (Figures 5.13 to 5.15). Figure 5.13 shows the summary for the
RCMs, their driving GCMs and the full CMIP5 ensemble over the region for 95th
percentile daily precipitation changes using the same format as in Figures 5.3 and 5.4
for mean temperature and precipitation.

th

Figure 5.13: Summary of projected changes in the magnitude of the 95 percentile daily precipitation
(mm/day) comparing the full CMIP5 ensemble with those from the RCMs used in this study and their
driving GCMs for in the NDJ season following the format of Figure 5.3.
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Figure 5.14: Figure 5.13 but for change in the 90 percentile of daily maximum temperature in °C in
the JJA season.

th

Figure 5.15: As Figure 5.13 but for change in the 90 percentile of minimum temperature in °C in the
JJA season.
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As with the seasonal precipitation, there is a mixed picture with the range of changes
going from negative to positive though with a tendency in the climatologically wetter
southern part of the domain for most models to project increases. This is consistent with
the broader scale findings from the IPCC WG2 report which looked at the Southeast
Asia region as a whole at the annual timescale and showed some models projected
reduced frequency of events greater than the 90th percentile daily event in the historical
period (IPCC WG2 AR5 Chapter 21). The statement in the summary table in the same
chapter for this region for extreme precipitation in general is: "Increases in most metrics
over most (especially non-continental) regions. One metric shows inconsistent signals of
change".
The picture for the temperature extremes (Figures 5.14 and 5.15) is, as with the
seasonal mean, much more consistent and with similar messages: the RCMs span
much of the range of their driving models and the CMIP5 ensemble, with a tendency for
the upper end of the range to be higher in some regions; changes, even over coming
decades are large compared with interannual variability; in the earlier period changes
are largely independent of the concentrations scenario used.

th

Figure 5.16: As figure 5.13 but for change in the 25 percentile of seasonal mean precipitation
(mm/day) in the JJA season. Note that insufficient data are available to calculate estimates of the
standard deviations of the interannual variability of this index.

Finally, the summary of projected changes in anomalously dry JJA season presents a
reasonably clear picture of drying for most models in the climatologically drier southern
part of the domain under the RCP8.5 scenario at the end of the century (Figure 5.16). In
earlier periods and under RCP4.5 the signals are more mixed. The ranges of RCM
changes are again broadly similar and sometime larger than their driving GCMs and
overlap significantly with the full CMIP5 range.
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5.5 Future climate scenarios for Singapore
5.5.1 Assessment of locally relevant changes
One of the major problems in undertaking assessments of climate change impacts at the
local level is the spatial scale mismatch between the outputs of climate models and the
small scale at which climate impact assessments are carried out. This is particularly the
case in this study, which is seeking to provide climate projections at the city scale. For
example, hydrological modellers in Singapore require the impact of climate change to be
assessed at the local scale and our regional climate model (RCM) produces results with
a spatial grid size of 12 km, which only provides coarse grain coverage of Singapore.
Furthermore, the RCM exhibits substantial systematic biases, in particular, in some
rainfall metrics over land.
When climate information at the local scale is required as input to impact models that
have been tuned to observed station data, statistical post-processing is often used to
bias-correct the RCM outputs in order to minimise the effects of RCM biases on
establishing an impacts baseline and then calculating projected future impacts. The
methods with the best skill in reducing biases from RCM rainfall through the entire range
of the distribution are found to be non-parametric transformations (Themeßl, et. al.,
2011) as they can be applied without specific assumptions about the distribution of the
data. A popular non-parametric post-processing approach is quantile matching (QM),
which is designed to adjust the distribution of modelled data, such that it matches the
observed climatological distribution. The key advantage in using QM as the postprocessing approach is that along with the mean and standard deviation it also corrects
the other statistical moments.
The QM methodology used in this study is based on empirical cumulative distribution
functions (CDFs) that are approximated using tables of empirical percentiles (see details
in the Annexe 5a to this report). Past studies (e.g., Ines and Hansen 2006) have shown
that the above approach for bias-correction is highly effective in correcting biases from
climate model outputs while retaining changes to rainfall frequency and variability. This
method has also been shown to be effective for coupling regional climate model output
directly to hydrological models (Fowler and Kilsby, 2007). It has been reported by
previous studies (e.g., Li, et al., 2010; Raisanen & Raty, 2013) that the QM approach
can also be applied to other meteorological parameters, such as temperature. As noted
in the Chapter 5 Appendix, a key assumption with this (and other) bias correction
technique is that the ratio between the statistics of the model and observed distributions
is invariant under a changing climate.

Presentation of projected climate changes over Singapore
In the following sections the results from the downscaled time-series projections for
rainfall, 1.5m air temperature, 1.5m relative humidity and the 10m wind speed are
presented and discussed. The analysis includes various climate indices of interest, for
three projection periods (2010-2039, 2040-2069, 2070-2099), and for two greenhouse
gas concentration pathways, namely, the RCP8.5 and the RCP4.5.
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Each of the 9 downscaled models should be taken as
providing plausible climate change scenarios and the
range among the models is a representation of the
uncertainty in the projections.
In some instances there is a need to be cautious about a
particular model’s projection of a specific variable. These
instances are highlighted in the text. In each figure a
consistent colour coding to designate the models has
been used.
As with the regional climate projections it is useful to
identify whether the projected changes are significant
compared to current natural climate variability. Trends
analysis, when presented in this section, is based on
ordinary least squares estimator. Kendall’s slope
estimator is used to check the appropriateness in using
least squares method in computing the trends and
generally, statistically significant trends in the indices
were consistently identified by both approaches. In this
section, a trend is considered to be statistically significant
if it is significant at the 5% level.

5.5.2 Annual mean rainfall
The projection of changes in various characteristics of rainfall is of particular importance
to Singapore. As expected, the results presented earlier for the regional changes in
rainfall are broadly consistent with those reported in the IPCC AR5. In our region the
changes in annual mean rainfall are indeterminate in sign and occur in a region of large
natural climate variability. In this region the IPCC SREX and AR5 reports show an
increase in heavy rainfall extremes, as well as an increase in the occurrence of dry
conditions.
Attempting to provide projected changes of extreme rainfall at the local level, where
small-scale convective systems are the main mechanism of rainfall production, is clearly
very challenging. However, the importance of these rainfall changes to stakeholders
means that it is important to provide initial estimates that are consistent with the latest
GCM projections. It is essential that appropriate caveats are provided to end users to
aid their interpretation of the projections.
When compared to observations, the simulation of rainfall extremes over land in the 12
km regional model is poor because it is compromised by difficulties in representing the
diurnal cycle of precipitation, problems that are common to all current GCMs and RCMs
used in climate change studies. This is discussed in more detail in the Evaluation
Report. For this reason it is deemed inadvisable to use the land rainfall simulations in the
assessment of future heavy rainfall changes at a local level. Instead it is proposed that
an adjacent RCM ocean point is used to represent the behaviour of rainfall extremes
over Singapore. This seems justified, firstly, because Singapore has a maritime climate,
and secondly because, although many of the driving GCMs also have a poor simulation
of rainfall extremes over the South China Sea and adjoining oceans, as shown in
Chapter 4, the downscaled RCM simulations of extremes over the ocean are
considerably improved and broadly realistic. In particular the statistical characteristics of

nd

Singapore 2 National Climate Change Study – Phase 1
Chapter 5 – Climate Change Projections

33

observed rainfall over Singapore land stations (or derived from TRMM) are nearly
identical to those over the surrounding ocean.
In what follows we have therefore used the projected changes over the nearby oceans to
infer future changes over Singapore. The details of the procedure can be found in the
Annex 5a. The sensitivity to the main conclusions reported here to the specific choice of
ocean point has been evaluated and in support of this bias correction, the high resolution
(1.5 km) simulations described in Chapter 6, which produce a realistic distribution of
rainfall extremes over land and sea, have been used to confirm the procedure that is
used for the 12km RCM.
As shown in Figures 5.17 and 5.18, there is no consensus on the projected changes in
the annual mean rainfall. Figure 5.17 shows the projected running 10-year annual mean
rainfall totals for each of the 9 models. The running 10-year mean is used to emphasise
the multi-decadal natural variability in the projections. The maximum positive and
negative trend lines are also shown. There is considerable multi-decadal variability in
the model projections. The historical observations, based on 28 stations from across
Singapore, show an increasing trend from 1980 to 2009 (not shown). However, the few
station observational records that extend back to the 1950s show that the rainfall had a
downward trend from the 1950s to 1980s. This emphasises the important role played by
inter-decadal variability in this region and Figure 5.17 suggests that this will continue to
be important in the future. In the 1980-2009 segment of the historical RCM simulations,
2 models show an upward trend similar to that observed. Of course, there is no reason
to expect that the phase of longer term natural variability to be correctly captured by the
models but it is noteworthy that the observational trend is within the range of the
historical trend simulated by the models. For the high greenhouse gas emission scenario
(RCP8.5), three out of the nine models suggest a statistically significant (at 5% level)
upward trend in the annual mean rainfall, whereas four suggest statistically significant
downward trend over the period 2010 – 2099.
The projected annual mean rainfall anomalies over Singapore for the 21st century,
relative to 1980-2009, under the two RCP scenarios are shown in Figure 5.18. For
RCP8.5, one and three out of nine models show statistically significant increasing and
decreasing signal in the annual mean rainfall respectively at the end of the century. For
RCP4.5 scenario, one model projects a statistically significant increasing and a model
projects a statistically significant decreasing signal at the end of the century. This
uncertainty in the mean rainfall projections is in keeping with the full CMIP5 ensemble
changes documented in the IPCC AR5 report. The sub-selection of models and their
downscaling does not change this conclusion.
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Figure 5.17: Running 10-year annual mean rainfall totals. Purple: Model with strongest positive
projected change signal (statistically significant upward trend) and Blue: Model with strongest
negative projected change signal (statistically significant downward trend). The orange shading
shows the spread of the 7 remaining models. Green: Model with median projected change signal
(non-statistically significant trend). The solid lines show the least-squares fit through the annual
data. 3 models have statistically significant upward trends; 4 models have statistically significant
downward trends.

RCP4.5

RCP8.5

Figure 5.18: Mean annual rainfall anomalies for the three 30-year time period, relative to the mean of
1980-2009 for the 2 RCP scenarios.

5.5.3 Contribution to annual rainfall totals by heavy rainfall
events
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There is a greater agreement among models in the projected contribution to annual
rainfall totals from days with rainfall accumulations greater than the 95th percentile value
(56 mm/day based on wet days) in the reference period 1980-2009. Note that this
statistic is calculated relative to the total rainfall and thus is different from the 95%-tile
value used in the regional analysis earlier which compares the magnitude of the 95%-tile
in the historical and future periods. Figure 5.19a shows the 10-year running mean
annual rainfall totals contributed by heavy rainfall days. For RCP8.5, seven out of the
nine models suggest a statistically significant (at 5% level) upward trends and one of the
models suggests statistically significant downward trend over the period 2010 - 2099. As
expected, inter-decadal variability also plays a significant role in future projected
changes. It is noteworthy that the CSIRO model shows a different behaviour in the
statistic when compared to the other models. This was also the case for mean rainfall
(Figure 5.17). The results from the CSIRO model for rainfall should be viewed with some
caution because the historical simulation of the downscaled northeast monsoon rainfall,
the main rain-bearing season, was found to be too dry when compared to the observed
climate.
Figure 5.19b show the 10-year running mean fractional contribution to annual rainfall
totals from days with rainfall accumulations greater than the observed [1980-2009] 95th
percentile of rainfall totals on wet days in Singapore for RCP8.5 scenario (value of 56
mm/day). For this relative index, all models show a statistically significant upward trend.
When interpreting this statistic, it is important to consider the changes in annual mean
precipitation when interpreting the results presented here as a model with a reduction in
annual mean precipitation may see an increase in the contribution of heavy rainfall
events to the annual mean without there being any change in the frequency or intensity
of the heavy rainfall events themselves.
Analysis of seasonal changes in the upper percentiles of the daily precipitation CDF over
Singapore shows projected increases in intensity in NDJ but both positive and negative
changes in JJAS (Figure 5.19c).

(a)
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(b)

Figure 5.19: (a) Running 10-year values of the contribution to annual rainfall totals from days with
th
rainfall accumulations greater than the observed [1980-2009] 95 percentile of rainfall totals on wet
days in Singapore for RCP8.5 scenario (value of 56 mm/day). 7 out of the 9 models show statistically
significant upward trends; only 1 model projects a statistically significant downward trend. Purple:
Model with strongest positive projected change signal (statistically significant upward trend); Black:
Model with median projected change signal (statistically significant upward trend); and Red: Model
with strongest negative projected change signal (statistically significant trend). The orange shading
shows the spread of the 7 remaining models.
(b) Projected fractional contribution to annual rainfall totals from days with rainfall accumulations
th
greater than the observed [1980-2009] 95 percentile of rainfall totals on wet days in Singapore for
RCP8.5 scenario (value of 56 mm/day). As in Figure 5.17, the projected running 10-year values are
plotted. Pruple: Model with strongest positive projected change signal (statistically significant
upward trend); Black: Model with median projected change signal (statistically significant upward
trend); and Red: Model with lowest positive projected change signal (statistically significant upward
trend). All models show statistically significant upward trends.
NDJ

JJAS

Figure 5.19c: Upper percentile CDF curves for NDJ (left panel) and JJAS (right panel). The dashed
line shows the historical CDF for a 12 km grid point over central Singapore. Coloured lines show the
projected CDFs for 2070-2099 under RCP8.5.
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5.5.4 Seasonal and monthly changes in rainfall
After bias-correction, all models project no change in the characteristics of the seasonal
cycle. This is also a feature of the raw model output over Singapore and the nearby
ocean. If the bias-correction was based on model output over Singapore land points
(rather than the ocean point that has been used), the seasonal cycle is not maintained in
the bias-corrected data. This is further justification for the use of the ocean point in the
bias-correction procedure (see Annex). Figure 5.20 shows the monthly rainfall totals for
the model with the median projected annual mean rainfall at the end of the 21st century.
The median is used for illustrative purposes. This median model (CMCC-CM) projects a
clear decreasing signal in rainfall totals during February and the southwest monsoon
months (June – September) at the end of the century; projections during these
climatologically drier months will be illustrated further in some later figures.
Figure 5.21b shows that under the RCP8.5 scenario, model projected changes in rainfall
cluster around -10% to 20% throughout the 21st century for November to January (NDJ),
the wetter season in Singapore climatologically. The spread of the projections widens
further into the future with one model projecting 60% increase and another model
projecting a decrease of 25% at the end of the 21st century. Four models suggest a
statistically significant (at 5% level) upward trends and only one model suggests
statistically significant downward trend over the period 2010 - 2099. There is no clear
signal under RCP4.5 scenario (Figure 5.21a); one model projects a statistically
significant increasing and a model projects a statistically significant decreasing signal at
the end of the century. A couple of models project stronger increasing signals in the midcentury compared to the end-of-century, possibly an indication of multi-decadal
variability dominating the response.

Figure 5.20: Monthly rainfall totals for the reference (purple) and three projected 30-year time period,
under RCP8.5 scenario. Figure shown is from the model with the median projected annual mean
st
rainfall at the end of the 21 century.

The contrast of mean rainfall between dry and wet months over Singapore is projected
to increase in the 21st century. There is a coherent drying signal among the models
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during the climatological drier months (June – September; February) at the end of the
century; nearly all models projected a decrease in the average rainfall in the 2080s
during these months compared with the climate of 1980-2009. This is consistent with the
regional results noted earlier in this report.
For the climatologically drier southwest monsoon months (June to September), although
there is no consensus on the projection in the mid-century; four out of the nine models
show statistically significant decreasing signals at the end of the 21st century under
RCP8.5 scenario (Figure 5.22b). Only one model projects a statistically significant
decreasing signal at the end of the 21st century under RCP4.5 scenario (Figure 5.22a).
No model project statistically significant increasing signal under both scenarios.
Rainfall projections for the climatologically driest month, February, show a strong
decreasing signal under the RCP8.5 scenario (Figure 5.23). Six out of the nine models
projected a statistically significant decreasing signal of more than 30% in the mean
February rainfall towards the end of the century compared with the climate of 19802009. Four models projected decreasing signals of more than 65% in the 2080s under
RCP8.5 scenario. Four models project statistically significant decreasing signals at the
end of the century under RCP4.5 scenario.
RCP4.5

RCP8.5

(a)

(b)

Figure 5.21: Mean rainfall anomalies for the months November-December-January for the three 30year time period, relative to the mean of 1980-2009 for the 2 RCP scenarios. For RCP8.5, 4 models
suggest statistically significant (at 5% level) upward trends and only 1 model suggests a statistically
significant downward trend over the period 2010-2099. There is no clear signal under RCP4.5
scenario; only one model projects a statistically significant increase and another model projects a
statistically significant decrease in the signal at the end of the century. A couple of models project
stronger increasing signals in the mid-century compared to the end-of-century, likely an indication
of multi-decadal variability dominating the response.
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RCP4.5

RCP8.5

(b)

(a)

Figure 5.22: Mean rainfall anomalies in Southwest Monsoon (June – September) for the three 30-year
time period, relative to the mean of 1980-2009 for the 2 RCP scenarios. Four out of the nine models
st
show statistically significant decreasing signals at the end of the 21 century under RCP8.5
st
scenario. Only 1 model projects a statistically significant decreasing signal at the end of the 21
century under RCP4.5 scenario. No model projects statistically significant increasing signal under
both scenarios.

RCP4.5

RCP8.5
(a)

(b)

Figure 5.23: Mean rainfall anomalies in February for the three 30-year time period, relative to the
mean of 1980-2009 for the 2 RCP scenarios. Under RCP8.5 scenario, 6 out of the 9 models projected
a statistically significant decreasing signal of more than 30% in the mean February rainfall towards
the end of the century. Four models projected decreasing signals of more than 65% in the 2080s.
Four models project statistically significant decreasing signals at the end of the century under
RCP4.5 scenario.

5.5.5 Increase in average daily temperature
Projected changes in average daily mean, minimum and maximum temperatures under
RCP4.5 and RCP8.5 scenario are presented in Figure 5.24 and Figure 5.25 respectively,
for periods through the 21st century. Summaries for both scenarios are provided in Table
5.1.
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(a) early century

(b) mid-century

(c) end-century
Figure 5.24: Change in average daily minimum, mean and maximum temperature for (a) early century
(2010 – 2039), (b) mid-century (2040 - 2069), and (c) end-century (2070 – 2099) with respect to
baseline period 1980-2009 for the RCP4.5 scenario.
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(a) early century

(b) mid-century

(c) end-century
Figure 5.25: Change in average daily minimum, mean and maximum temperature for (a) early century
(2010 – 2039), (b) mid-century (2040 - 2069), and (c) end-century (2070 – 2099) with respect to
baseline period 1980-2009 for the RCP8.5 scenario.

nd

Singapore 2 National Climate Change Study – Phase 1
Chapter 5 – Climate Change Projections

42

Table 5.1: Projected ranges in the average daily minimum, mean and maximum temperature for midand end-century for the RCP4.5 and RCP8.5 scenarios (rounded off to 1 decimal place). The two
values in each pair give the lower and upper range for each of the variables and these changes are
statistically significant.
Mid-century (2040 - 2069)
Mean observed (1980 - 2009)

RCP4.5

End-century (2070 - 2099)

RCP8.5

RCP4.5

RCP8.5

Minimum Temp
(deg C)

24.1

25.4

26.4

25.9

27.1

25.5

27.0

27.0

28.9

Mean Temp
(deg C)

27.4

28.7

29.6

29.2

30.3

28.8

30.1

30.3

32.0

Maximum Temp
(deg C)

31.8

33.1

34.5

33.8

34.9

33.3

34.6

34.9

36.7

In summary, looking at the extreme ranges, up to approximately 2°C change can be
expected under RCP4.5 scenario and 3°C change under RCP8.5 scenario for the midcentury period. For the end-century, a further 1°C can be expected for RCP4.5 and 2°C
for RCP8.5.

5.5.6 Increase in frequency of warm days and nights
Average change in seasonal frequency of warm days (Figure 5.26) and nights (Figure
5.27) per season are presented for February to May (FMAM; warmer days
climatologically) and June – September (JJAS; warmer months and warmer nights
climatologically) for the different projection time periods under RCP4.5 and RCP8.5
scenarios.

FMAM Warm Days

JJAS Warm Days
(b)

RCP4.5

(a)
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(c)

RCP8.5

(d)

th

Figure 5.26: Change in average seasonal frequency for warm days (historical 90 percentile Tmax=
34.1°C) for season (a) February to May (FMAM), (b) June to September (JJAS) for early century
(2010-2039), mid-century (2040-2069), and end-century (2070-2099) under RCP4.5, and (c) February to
May (FMAM), (d) June to September (JJAS) for early century (2010-2039), mid-century (2040-2069),
and end-century (2070-2099) under RCP8.5, with respect to baseline period 1980-2009.

These projected changes in temperature will be felt through an increase in the number of
warm days and nights. The projections for Singapore, under the high greenhouse gas
emission scenario (RCP8.5), show that the annual number of warm days (days with a
maximum temperature of 34.1°C or above) and warm nights (nights with a minimum
temperature of 26.2°C or above) per season, are expected to increase significantly in the
21st century. The projected ranges are summarised below in Table 5.2.
JJAS Warm Nights

FMAM Warm Nights

(b)

RCP4.5

(a)

nd

Singapore 2 National Climate Change Study – Phase 1
Chapter 5 – Climate Change Projections

44

(c)

RCP8.5

(d)

th

Figure 5.27: Change in average seasonal frequency for warm nights (historical 90 percentile Tmin =
26.2°C) for season (a) February to May (FMAM), (b) June to September (JJAS) for early century
(2010-2039), mid-century (2040-2069), and end-century (2070-2099) under RCP4.5, and (c) February to
May (FMAM), (d) June to September (JJAS) for early century (2010-2039), mid-century (2040-2069),
and end-century (2070-2099) under RCP8.5, with respect to baseline period 1980-2009.

Table 5.2: Projected range in annual number of warm days (Tmax ≥ 34.1°C) and warm nights (Tmin ≥
26.2°C) per season for February to May (FMAM) and June to September (JJAS). The two values in
each pair give the lower and upper range for each of the variables and the orange to red shading
indicates that these changes are statistically significant.

Mid-century (2040 - 2069)
Mean observed (1980 - 2009)

RCP4.5

End-century (2070 - 2099)

RCP8.5

RCP4.5

RCP8.5

Frequency of warm days (Day-time temperature ≥ 34.1°C)
Feb - May

25

70

101

87

111

74

108

105

ALL

Jun - Sep

6

43

105

71

98

59

97

103

119

Frequency of warm nights (Night-time temperature ≥ 26.2°C)
Feb - May

15

52

94

69

108

61

111

99

ALL

Jun - Sep

26

63

107

83

115

69

116

116

ALL

5.5.7 Decrease in frequency of cold days and nights
The annual number of cold days (days with a minimum temperature of 29.2°C or below)
and cold nights (nights with a minimum temperature of 22.3°C or below) (Figure 5.28),
on the other hand, are expected decrease significantly in the 21st century. The
projections are summarised below in Table 5.3.
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Table 5.3: Projected range in annual number of cold days (Tmax ≤ 29.2°C) and cold nights (Tmin ≤
22.3°C) per season for November to January (NDJ). The two values in each pair give the lower and
upper range for each of the variables and the orange to red shading indicates that these changes are
statistically significant.
Mid-century (2040 - 2069)
Mean observed (1980 - 2009)

RCP4.5

End-century (2070 - 2099)

RCP8.5

RCP4.5

RCP8.5

Frequency of cold days (Tmax ≤ 29.2°C) and nights (Tmin ≤ 22.3°C) during {Nov - Dec - Jan}
Cold days

19

12

6

9

3

9

4

5

0

Cold nights

5

1

0

1

0

1

0

1

0

NDJ Cold Nights

NDJ Cold Days

(b)

(c)

(d)

RCP8.5

RCP4.5

(a)

th

Figure 5.28: Change in average seasonal frequency for (a) cold days (historical 10 percentile Tmax
th
= 29.2°C) and (b) cold nights (historical 10 percentile Tmin = 22.3°C)
for season November to
January (NDJ) for early century (2010 – 2039), mid-century (2040 - 2069), and end-century (2070 –
2099) under RCP4.5, (c) cold days and (d) cold nights for early century (2010 – 2039), mid-century
(2040 - 2069), and late century (2070 – 2099) under RCP8.5, with respect to baseline period 19802009.
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5.5.8 Changes in mean relative humidity
All models used in this study project statistically significant negative changes in
Singapore’s annual average relative humidity under both RCP scenarios throughout the
21st century (Figure 5.29). The models, on average, project a decrease of 2.8% and
4.6% in the mean annual relative humidity at the end of the century with respect to the
reference period under RCP4.5 and RCP8.5 scenarios, respectively (i.e. decrease from
83.0% in 1980-2009 to 79.2% (RCP8.5) and 80.7% (RCP4.5) in 2070-2099).
All the nine models project statistically significant decreasing signals in the mean
seasonal relative humidity during November to January (NDJ; higher mean relative
humidity climatologically); June to September and February (lower mean relative
humidity climatologically). In particular, the 9-model ensemble projects a decrease of
6.4% with respect to the reference period (a decrease from 81.0% to 75.8%) in average
relative humidity for February at the end of century under RCP8.5 scenario.
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Annual

Nov-Dec-Jan

Jun - Sep

Feb
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Figure 5.29: Mean annual relative humidity anomalies for the three 30-year time period, relative to the
mean of 1980-2009 for the 2 RCP scenarios. Note that for all panels, the vertical axis indicating the
departure in relative humidity from the 1980-2009 average with values ranges between -14% and 2%
in interval of 2%.

5.5.9 Changes in winds
The wind statistics calculated in the historical evaluation for monthly climatology 10 m
winds over grid-points near to Singapore’s geographical position were calculated for two
periods to illustrate whether the monthly climatology winds have changed. The
comparison between the extended historical period (1980-2009) and the end-century
period (2070-2099) is shown in Figure 5.30.
From the median values, there is no indication that the direction of the monthly
climatology wind has changed from the historical-extended period (blue envelope) to the
end-of-the century (red envelope), although the spread between models has decreased
during the summer monsoon and its preceding pre-monsoonal season (Figure 5.30a).
From the raw wind output alone, the magnitude of the monthly climatology wind may
have increased, also during the summer monsoon and its preceding months (Figure
5.30c), although for the same period both variability of the monthly mean and variability
of the daily mean wind remain similar or decreased (Figures 5.30 b & d). Once again, we
note that the annual cycle for the variability of daily mean wind in the simulations does
not resemble that for station wind. Therefore, the bias-corrected statistics derived from
daily mean winds should be used with caution, although projections during the
monsoonal months when the station variability falls within simulation envelope may be
usable, i.e. December-March and June-September.
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Figure 5.30: Using the same methods as the historical evaluation, a comparison between historicalextended and end-century climate in the RCP8.5 scenario. (a) the difference in meteorological
direction between 10 m winds from the downscaled simulations from Changi station 10 m winds, (b)
magnitudes of simulation and station winds. For each simulation, variability of (c) monthly mean
winds and (d) daily mean winds, from the monthly climatology wind of that source. Blue and red
models are historical-extended and end-century simulations, respectively. The envelopes between
minimum and maximum values for the two periods are shaded. Black line shows values calculated
from historical station winds.

Since there is no obvious change in the direction of the monthly climatology 10 m wind,
we assume that the distribution of direction for the monthly mean and daily mean 10 m
winds will be unchanged by the end-century by anthropogenic greenhouse gas-induced
climate change, i.e. that winds that would have come from a certain direction in the
extended-historical period would continue to come from that direction in the end-century
period with only magnitude changes if any.
Stakeholders require estimates of future wind speed changes. Figure 5.31a and Figure
5.31c show the CDF curves of 10 m daily mean wind over the 8 evaluation gridpoints, for
the periods of July-September (JJAS) and December-February (DJF) respectively.
Simulations significantly overestimate the median, 90th percentile and 99th percentile of
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10m daily mean wind (Figures 5.31b & d). For provision to end users, wind speeds have
been bias-corrected using the quantile-matching method and they show that the climate
of Singapore will continue to be dominated by the northeast and southwest monsoons.
In regard to the seasonal wind speeds, there is an indication of increasing mean wind
strength during the northeast monsoon; three out of the nine models show statistically
significant increasing signals and no model projects a statistically significant decreasing
signal at the end of the century under RCP8.5. There is little agreement between models
about the projected change in mean wind strength during the southwest monsoon; three
out of the nine models show statistically significant increasing signals and two models
project statistically significant decreasing signals at the end of the century under RCP8.5
(Figure 5.32)

Figure 5.31: For the historical period (1980-2009) and the months of July to September, (a) the
th
h
cumulative distribution functions of 10 m daily mean winds, and (b) median, 90 percentile, and 99t
percentile wind speeds. (c) & (d): similar to (a) & (b) but for the months of December to February. The
range of wind speeds in the simulations is shaded blue.
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RCP4.5
RCP8.5
Figure 5.32: 10 m daily mean wind speeds, showing the JJAS and DJF mean for both RCP scenarios,
during historical (1980-2009), early-century (2010-2039), middle-century (2040-2069), and end-century
(2070-2099) periods.

5.6 Summary
This report summarised the main aspects of detailed climate change over the Singapore
region and the wider Southeast Asian domain in regional climate projections covering
the whole of the 21st century. These are generated using a 12km version of the Met
Office Hadley Centre HadGEM3-RA regional climate model (RCM) to downscale 9
global climate models (GCMs) from the CMIP5 archive (Taylor et al, 2012) 1. Two
scenarios of future pathways of greenhouse gas concentrations representative of high
and medium emissions, RCP8.5 and RCP4.5, are used.

1

Details of model formulation, experimental design and the validation of the baseline simulations set are
provided in Chapter 4 and Supplementary Information report 1.
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The findings of this report, when considered alongside the evaluation of the baseline
simulations in Chapter 4, provide information to users of the projections about how
representative they are of future climate conditions in the region, i.e. on their reliability
and how well they cover the range of plausible outcomes.
The wider Southeast Asian region analysis focuses on assessing changes at monthly
and seasonal scales of average temperature, precipitation and lower tropospheric
circulation, including important summary measures of changes in maximum and
minimum daily temperatures, heavy precipitation, dry seasons and high 10m windspeeds. The results are used to put the results for the Singapore region in the wider
context of changes taking place across SE Asia. The analysis for the Singapore region
focuses on changes in daily precipitation, temperature, relative humidity and wind. The
RCM data have been bias-corrected based on Singapore station observations.
As expected from the IPCC AR5 results, the most robust aspects of the climate change
scenarios for the Singapore region are the increases in near surface temperature which
are significantly above anything currently experienced in Singapore. Relative to a
reference period of 1980-2009, daily mean temperatures are projected to increase by
around 1°C (RCP4.5) to 3°C (RCP8.5) for the mid-century period and by around 2°C
(RCP4.5) to 4°C (RCP8.5) for the end-century period. Higher end model projections go
up to around 3°C (RCP4.5) and 5°C (RCP8.5). A seasonal analysis of warm days and
nights for February to May (having the highest number of warm days in the current
climate) and June to September (having highest number of warm nights in the current
climate) show the models project significant increases in both throughout the 21st
century. Most of the RCP8.5 runs project that by the end-century almost every day in
these seasons will be a warm day (Tmax ≥ 34.10C) and a warm night (Tmin ≥ 26.20C),
as defined in the current climate. As expected, for cold days and nights during the
northeast monsoon season, both scenarios and for all models show a decreasing trend
through the 21st century.
Consistent with IPCC AR5 results, the scenarios for precipitation changes are far less
robust than for temperature. Analysis of annual mean rainfall over Singapore shows
considerable variation amongst models, ranging from positive to negative independent of
the emission scenario. In all cases, the long-term trend is of the same order as the
natural variability simulated in the models, suggesting that natural variability will continue
to play an important role in Singapore’s climate but compounded by the effects of
climate change.
On seasonal time scales, the contrast between the wet and dry months is projected to
increase, especially for RCP8.5 and by the end of the century. There is a general
tendency of the models to project an upward trend in seasonal mean rainfall during the
wet season of November to January whereas there is a coherent signal of further drying
during the months that are already dry in the current climate (June to September and
February).
Another important result from these projections is an increasing trend in the fraction of
total annual rainfall contributed by days with accumulations exceeding the historical 95th
percentile though in some models absolute measures of heavy rainfall reduce in some
seasons. This is consistent with our understanding from basic physics and from
observational records that the frequency and intensity of heavy rain events increases in
a warmer atmosphere that can hold more moisture.

nd

Singapore 2 National Climate Change Study – Phase 1
Chapter 5 – Climate Change Projections

53

In terms of possible changes in the winds, the climate of Singapore will continue to be
dominated by the northeast and southwest monsoons. By the end of the century, there
are no substantial changes in wind direction but there is some indication of increasing
wind speeds during the northeast monsoon season under RCP8.5.

5.7 Recommendations and Limitations
This report provides a summary of climate change projections for Singapore and also
the wider Southeast Asian region generated by a 12 km regional climate model nested in
150 year simulations of historical and future climate of a small ensemble of nine global
climate models. In sampling single GCM realisations, projected changes for specific time
periods from each simulation will potentially be influenced by decadal-scale variability as
well as regional climate change. Thus it is important when using the projections in
impacts studies to account for natural decadal-scale variability and its potential to
modulate the underlying climate change signal.
In this study only one RCM was used and thus the results do not account for a potential
wider range of climate scenarios that would be generated using ensemble downscaling.
Whilst previous studies have shown that downscaling uncertainty can be important, it is
often secondary to global modelling uncertainty. The 12 km resolution model with
parameterised convection led to a poor simulation of precipitation extremes, which is a
well-known feature of models simulations over the Maritime Continent. Although a single
1.5 km resolution, convective permitting simulation was performed as part of this study, it
was too expensive to carry out a full suite of scenarios at this resolution. The
requirement to sample the range of global model uncertainty, combined with the
computational expense of regional downscaling, meant that only one RCM is used and
at a resolution where convection is not explicitly resolved. We are not aware of any
national scenarios that currently use a multi-RCM approach thus there are no studies
available to provide guidance on the implications of this limitation. However, this would
clearly be an important issue that should be considered in any future work on developing
climate scenarios for Singapore by both applying other regional climate models and
undertaking convective-scale modelling.
The recommendation from the regional model evaluation work that precipitation
simulation from ocean grid-boxes close to Singapore were used in place of precipitation
simulated over land, due to the large biases in heavy rainfall events in the latter, has
several implications. First, any spatial information that would have been generated from
the 8 grid-boxes representing Singapore will not be generated using this approximation.
Also, any interaction between climate change and the land-surface of Singapore and its
impact on precipitation will not be captured.
Finally, the detailed climate scenarios for Singapore are all generated using bias
corrected RCM outputs (and from oceanic grid-boxes in the case of precipitation). It is
assumed that the statistical relationships that are used in this methodology to generate
the future climate information will hold in future climates. There is no simple way to test
this assumption. However, in the case of precipitation where the convective-scale
modeling has generated a small sample of future climate information over Singapore
which is likely to be a reliable downscaling of the associated GCM projection, the
procedure could be tested using the model simulations as proxy observations to see
whether the stationarity assumption held in this case.
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Annex 5a: Description of the Quantile Matching
technique applied to provide bias-corrected RCM
outputs over Singapore
5a.1 Data
In order to perform the bias-correction for the model simulations of 21st century climate,
three datasets are needed – observed historical data, RCM outputs for the historical time
period, and the model’s climate projections.
Over the RCM land points covering Singapore, the model is unable to simulate both the
observed seasonal cycle of rainfall and the extremes of heavy rainfall. The simulation of
both is better over the RCM ocean points surrounding Singapore (see model evaluation
Chapter 4 Section 4.6.1). Figure 5a.1 below shows the CDF for observed Singapore
station daily rainfall (28 stations) and from TRMM data for a 25 km box over Singapore
(solid line). The distributions from the TRMM and station data agree very well. Also
plotted is the distribution from a TRMM 25 km box for an ocean region that is located to
the southeast of Singapore (a number of nearby ocean regions were evaluated and they
essentially show the same distributions). All three CDF curves are in close agreement,
particularly at the higher percentile values.
The similarity of ocean and land extreme rainfall distributions is to be expected, since
Singapore is a small island. The daily rainfall accumulations over land and nearby
ocean distributions are very similar. This is most likely because the differences in the
diurnal cycle of rainfall over land (peak in afternoon) and nearby ocean (peak at night)
are averaged out and many systems (e.g. cold surges, squalls) transit across land and
the surrounding seas.

Figure 5a.1: CDF for upper 15 percentiles rainfall for a 12km grid square over Singapore– large
difference between modelled CDFs over land and observed CDF over Singapore; relatively small
difference between modelled CDFs over ocean and observed CDF over Singapore
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Figure 4.17 in Chapter 4 illustrates that the RCM Singapore land-point CDFs are
substantially in error and cannot sensibly be used for the quantile matching procedure.
However, the CDFs from neighbouring RCM ocean grid-boxes are well simulated and,
as the observed ocean and land CDFs are very similar, we use the simulated ocean
values for the rainfall bias-correction. Note that the seasonal rainfall cycle simulated by
models over the ocean surrounding Singapore is also similar to that observed over
Singapore. Although the details of the CDFs vary according to which nearby ocean-point
is used (as evaluated in section 5a.3 below), the basic structures of the ocean-point
distributions remain the same and, in all cases, are markedly more realistic than the
distributions over Singapore land-points in the RCM.

5a.2 Methodology
Quantile matching Rainfall
Cumulative Distribution Function (CDF) curves are generated for both the model climate
and observed data respectively, by plotting the ranked values versus the rank
probabilities. The CDFs for both the model and observed data are then related through
probability thresholds to define the quantiles, the correction factors are calculated at
each percentile, at the mid-point from 0.5 to 99.5, for the historical dataset (including
days of zero rain). The factor value is the ratio of observational to modelled data.
A multiplicative quantile-quantile bias-correction will be used in this study to align
simulated daily rainfalls to station observations (Gudmundsson, et.al, 2012).
Multiplicative is chosen here rather than additive as we are more interested in the
percentage changes rather than the absolute differences in the values. For example, it is
more useful to assume that the modelled rainfall value is the same proportion of the
observed value, rather than assuming that their difference is constant in the projection
years. Multiplicative approach could also avoid any potential problem in generating
negative rainfall if additive approach were to be used.
The result of the bias-correction is to produce an adjusted historical simulated timeseries that is statistically consistent with observation. Details of the calculation are as
follows:
1) The correction factors are calculated independently for each month for the
calibration/baseline period 1980 – 2009 so as to account for the seasonal differences
in the rainfall regimes. The quantile-matching procedure thus basically involves the
calculation of the percentile change factor in daily rainfall for each specific month.
2) The correction factor is then used for bias removal from the 21 century projected
dataset. Each day of the projected simulation (2010-2099) will be consigned to a
percentile ’bin’ (i.e. percentile bins of 0-1, 1-2, ..., 98-99, 99-100): the factor
calculated for the 0.5th percentile is applied to the 0-1 percentile bin; the factor for
the 1.5th percentile is matched to the 1-2 percentile bin; and so on. The biascorrected model output reflects the same relative changes in mean, variance and
other statistical moments as the raw model output.

5a.3 Robustness in the projected change signals from the biascorrected rainfall based on various neighbouring RCM ocean
grid-boxes
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An evaluation of the robustness in the projected change signals from the bias-corrected
rainfall based on various neighbouring RCM ocean grid-boxes (E1 – E3; W1 & W2;
shown in map below) has been carried out.

E2

E3

E1

W1

W2

Figure 5a.1: The location of ocean grid points used in the robustness test.

Table 5a.2 shows the number of models projecting statistically significant changes in the
bias-corrected rainfall signals at the end of the century (2070 – 2099) with respect to the
current climate (1980 – 2009). Generally, the bias-corrected rainfall from all the ocean
points tested indicate a consistent change signal; i.e. getting wetter in the NDJ, drier in
Feb and the southwest monsoon months (JJAS) at end of the century. However, more
models, if bias-corrected from ocean points to the west of Singapore (W1 and W2) in the
map above, project statistically significant decreasing signal in the annual mean rainfall
at the end of the century. Note also that all nine models project statistically significant
decreasing signal in rainfall during JJAS when bias-corrected from the ocean points W1
and W2. The main conclusions documented in this report concerning projected changes
in mean rainfall are not affected by the detailed choice of ocean point. A further
assessment of the relationship between changes over the nearby ocean and Singapore
island has also been carried out using the 1.5 km high resolution simulations, which do
not exhibit the same gross underestimation of rainfall extremes seen in the 12 km model
(see Chapter 6).
Bias-corrected from
Ocean points
In
main
report
E1 (1.22N_104.23E)
E2 (1.33N,104.34E)
E3 (1.33N,104.45E)
W1 (1.11N,103.68E)
W2 (1.22N,103.57E)

Annual

NDJ

Feb

JJAS

Increase

Decrease

Increase

Decrease

Increase

Decrease

Increase

Decrease

1

3

4

1

0

6

0

4

1
1
0
0

2
3
4
5

4
2
4
3

0
0
1
1

0
0
0
0

6
6
6
7

0
0
0
0

2
2
9
9

Table 5a.2: The number of models projecting statistically significant (at 5%) change signals in
rainfall at the end-century under RCP8.5 scenario.
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5a.4 Quantile-matching Temperature
For temperature, the RCM is able to simulate the daily mean temperature better than the
daily minimum and maximum temperature in such a way the model diurnal temperature
range (DTR) is narrower than that observed (see Chapter 4 Section 4.6.4 on model
evaluation for temperature). Between the two daily extreme temperature variables, the
daily maximum temperature is less well simulated by the RCM. For these reasons, it is
appropriate to quantile match temperature against observations to reduce biases in the
simulations.
A similar approach to rainfall quantile-matching has been adopted for temperature.
Individual simulation grid point values (8 grid points in all) are bias-corrected against the
aggregated distributions of available observations (from 3 stations with long-term
temperature records). The aggregation of 3 stations’ data to form a single distribution to
bias-correct against is reasonable given temperature’s much higher spatial coherence.
An example of the quantile-matching results for a particular grid of model data
(CanESM2) is shown on in Figure 5a.3, with good results.

Figure 5a.3: Cumulative distribution function of data time series for observation data (3-station
aggregated time series; green), historical model output (dotted blue), quantile-matched historical
model output (solid blue), projection (2010-2099) model output (dotted red), and quantile-matched
projection model output (solid red) for a particular grid of model data from DDS-CanESM2.

5a.5 Limitations of statistical post-processing of RCM output
Prior to application of statistical post processing methods, it is important to recall that
these techniques are designed with a particular aim: to adjust the simulated climate
variable such that it’s cumulative distribution matches the cumulative distribution of
observed values. When applied in climate change impact assessment it is assumed that
the ratio between model output and observations is stationary, i.e. that the same
corrections are applicable in future climates. This is a critical assumption.
It is important to note that with the bias correction for rainfall using a single ocean point;
no spatial varying change in rainfall over Singapore will be projected. The rain conditions
will be almost coherent island-wide, i.e. at almost all stations it will either rain or not on
any given day. However, this bias-correction approach will still provide a reasonable
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approximation to the statistics of rainfall projections at individual stations. With the
majority of heavy rainfall events over Singapore caused by thunderstorm cells of size
smaller than 10 km, a model at 12 km resolution will not resolve the geographical
distribution of these events across the island anyway but the bias correction will capture
the statistics of these events which would be applicable at the individual station level.
Although statistics such as projected change in the frequency of heavy rainfall days
island-wide could still be obtained based on bias-correction factors computed from an
ocean point to the island-wide daily maximum rainfall total extracted from all rainfall
stations over the reference period, the results will not be scientifically robust. The
problems associated with mapping a 12 km RCM rainfall time series to an array of
station values at a finer resolution have been documented (Maraun, 2013). Further post
processing is required to obtain a realistic spatial and temporal distribution across the
stations.
Another limitation of the quantile-matched bias correction approach is the loss of
coherent properties between the variables. Each variable is corrected independently,
whereas bias in rainfall might not be independent of bias in temperature for example.
The loss of such properties between variables, however, is not a key issue to the impact
analysis; infrastructure planners in Singapore tend to focus on the change in the
statistics of individual variables and not from the multivariate perspective.

nd

Singapore 2 National Climate Change Study – Phase 1
Chapter 5 – Climate Change Projections

60

