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4.1 Introduction
This report outlines the assessment of the historical period (1950-2010) of the
simulations generated using the HadGEM3-RA 12km regional climate model (RCM)
driven by 9 coupled GCMs from the CMIP5 archive (Taylor et al., 2012) and ERA-Interim
reanalyses (Dee et al., 2011). Details of model formulation and experimental set up are
available in a Supplementary Information Report 1.
Dynamical downscaling enables to resolve more spatial and temporal detail compared to
GCM simulations, and this can significantly improve the representation of the
characteristics of the observed climate. This is particularly the case for those
characteristics that are directly related to features of the land surface and topography
such as coastal and mountain effects, which can be more realistically represented when
the land surface features are represented in greater detail. However, downscaled
simulations will inevitably be affected by some biases despite their improved resolution.
By exploring the characteristics of those biases we can provide guidance to users on the
limitations of those simulations.
Coupled GCMs are known to be affected by significant large-scale biases (for example
in their circulation and sea-surface temperatures (SSTs)), which are expected to be
inherited to at least some extent by the downscaled simulation. RCMs, similarly, are
subject to imperfections in their own representation of the meso-scale climate features
which manifest as biases in the higher-resolution features of the downscaled simulation.
By driving RCM simulations with reanalysis data (in this case, ERA-Interim) we can
isolate the biases originating in the RCM and provide useful insights into the skill of the
RCM in representing small-scale climate features. However, we also know that the
interactions between the RCM and the driving data are non-linear, such that the overall
biases in the downscaled simulations are expected to be more complex than the sum of
the isolated GCM and RCM errors (Kerkhoff et al., 2014).
A known shortcoming in RCM simulations at their typical resolution of up to 10-25km is
the representation of the variability of rainfall at sub-daily timescales and at local spatial
scales. The considerable improvement in these characteristics which can be achieved
when using a higher resolution ‘convection permitting’ model indicates that these biases
result from deficiencies in the convective parameterisation schemes (e.g. Kendon et al.,
2012).

Figure 4.1: The diurnal peak precipitation time in (a) 12km RCM (b) convection-permitting 1.5km RCM
and (c) TRMM observations.

Figure 4.1 demonstrates this shortcoming in the 12km model compared with
observations from TRMM. Typical of all global and regional models that use
parameterised convection, the timing of peak rainfall in the 12km model over the
Singapore region occurs in early afternoon rather than late afternoon (e.g. Yang and
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Slingo, 2001). However recent progress with much higher resolution models in which
convection is explicitly resolved show much more realistic timing, as can be seen in the
1.5km model results in Figure 4.1. The significant computing resources required prohibit
the use of convective permitting models in experiments beyond small domains and short
simulation periods, but results generated in High Resolution Modelling work (presented
in Chapter 6) of this project in an experimental capacity may fill some of the gaps in
information about sub-daily rainfall variability that the 12km is unlikely to provide.
The purposes of the evaluation presented here are to:


assess the relationships between driving GCMs and the resulting downscaled
fields (Section 4.3). The purpose of 1-way nested dynamical downscaling is to
add regional detail to a global projection. Significant divergence of the regional
model simulation from its driving GCM indicates that the RCM is not closely
constrained by the lateral boundary data, in which case the integrity of the
simulations is considered to be compromised.



assess the realism of some key underlying processes which are known to have
strong influences on the variability of Singapore’s weather and climate. In
Section 4.4 we explore the local ENSO tele-connections in the downscaled
simulations, and the realism of cold surges and their impacts on local
precipitation.



assess how closely the model simulations represent observed climate
characteristics, in order to provide information to users of the climate change
projections on the limitations of the simulations of historical and future climates.
In Section 4.5 we assess the large-scale characteristics of the region included in
the RCM domain– seasonal patterns, magnitudes of biases and large-scale
spatial characteristics of variables of particular interest to stakeholders. In
Section 4.6, we assess the data specifically for grid points that represent
Singapore, assessing particularly the daily and sub-daily variability, and the
suitability of these data for stake-holder applications.

For clarity, when referring to each dynamically downscaled (DDS) GCM we will use the
notation ‘DDS-, thus fields from the GCM GFDL-CM3 will be referred to as ‘GFDL-CM3’
and the outputs of HADGEM3-RA when driven by GFDL-CM3 will be referred to as
‘DDS- GFDL-CM3’ .

Figure 4.2: Definitions of sub-regions used for summary plots, Continental South East Asia (CSEA),
Malay Peninsula and Sumatra (MaPS), Borneo (Born), Java and South China Sea (SCS).
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Throughout this document we include some summary plots and examples of individual
model results. A fuller set of evaluation plots is available as an appendix. Figures and
tables that can be found in the Appendix to Chapter 4 have figure numbers prefixed with
the reference ‘A’. Areal averages in summary plots are based on domain-average, or
sub-regions defined in Figure 4.2. These sub-regions represent the key land regions of
Southeast Asia, as well as a region of ocean in the South China Sea which has
important influences on Singapore’s weather and climate.

4.2 Observed Data
4.2.1 Gridded datasets
All gridded observed datasets used in the evaluation of the simulations are listed in
Table 4.1.
A challenge in the evaluation of RCM outputs is often presented by the lack of
availability of observational datasets at the appropriate spatial and temporal scale.
Those datasets that are available at equivalent scales may be based on a relatively
sparse observing network such that the data may not be truly representative of the scale
at which they are provided, particularly where extreme values are concerned (Hofstra et
al., 2012).
High-resolution gridded precipitation datasets for the region are available. A comparison
study of three gridded daily rainfall datasets for Southeast Asia (APHRODITE, TRMM
3B42 and GPCP) found that APHRODITE demonstrated dry biases in the Borneo
region, attributed to restricted station sampling (Colledge, 2014). On this basis, the
primary precipitation dataset used in this study is TRMM 3B42 – having been shown to
be the more reliable of the two highest resolution datasets.
For other variables (e.g. SST, specific humidity) datasets with a coarser scale were used
in order to provide information on the appropriate magnitudes of values, although noting
that those data cannot be used to assess the reliability of the spatial and temporal detail.
Table 4.1: Observed gridded datasets used for evaluation of 12km RCM model simulations.

Dataset

Variables

TRMM
3B42

Precipitation

APHRODITE

CRU3.1
CMAP
HadISDH
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Horizontal
Resolution
0.25°x0.25°

Temporal
resolution
3-hrly

Period
covered
1998-2012

Precipitation,
mean
temperature
Tmin, Tmax,
Tav
Precipitation

0.25°x0.25°

Daily

1961-2007

0.5 x0.5°
(Land only)
2.5°x2.5°

Monthly

1901-2009

Monthly

1979-1999

Specific
humidity,
Relative
humidity

5°x 5°

Monthly

1973-2013

Source

Reference

Merged
satellite and
station
Gridded
station

Huffman et al,
2010

Gridded
Station
Gridded
station
Gridded
station

Harris et al,
2014
Xie and Arkin,
1997
Willett et al.,
2013

Yatagai et al.
2009
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4.2.2 Station data
For the local-scale analysis, we make use of in-situ observations, satellite retrievals, and
reanalysis products. The in-situ observations include those from the MSS rain-gauges
(28 stations spread across the island), wind profiler (1 station at the Changi airport),
radiosondes (1 station at the upper air observatory), and surface observations (Tengah,
Changi, and Seletar) over Singapore.

4.3 Assessment of large scale consistency between
GCM and RCM
In the dynamical downscaling of GCMs, an RCM is used to add higher-resolution detail
to coarse-scale GCMs via a one-way nesting approach. In order for the one-way nesting
to yield physically consistent results from a GCM and an RCM that may have different
physical formulations, it is important to test that the large-scale characteristics remain
consistent before and after downscaling (Jones et al., 2005). This consistency should be
evident in the large-scale geographical patterns of variables which reflect the large scale
circulation (such as precipitation) as well as in the evolution of the long-term climate
change signal.
Figure 4.3 indicates that the inter-annual variations and the long-term signal are
consistent between the driving GCM and associated downscaled RCM.

Figure 4.3: Timeseries of domain-average annual mean precipitation (left) and 1.5m temperature
(right) in for the downscaling of 3 example models: ACCESS1-3, CanESM2 and HadGEM2-ES
throughout 1950-2100. Black lines indicate driving GCM, and coloured lines the dynamically
downscaled GCM. Projections for the future period are for RCP8.5.

Figure 4.3 also indicates some systematic offsets in precipitation that are introduced by
downscaling. In 4 of the 9 models these offsets are positive, and only in 1 (ACCESS1-3)
are negative. However, Figure 4.4 demonstrates broad consistency between large-scale
spatial patterns of precipitation for each pair of models, which indicates that the models
are generally well constrained. A notable exception to this is the enhanced rainfall over
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some ocean regions in some models, particularly in coastal areas, (e.g. see HadGEM2ES and DDS-HadGEM2-ES in Figure 4.4).
The domain–average relationships between the RCM simulations and their driving
GCMs through the seasonal cycle are shown in Figure A4.3.1 for precipitation,
temperature, specific humidity and evaporation. While the application of the RCM has a
tendency to cause increased rainfall compared to driving GCMs, this relationship is not
systematic across all models. This range in responses does not appear to relate to
characteristics of existing biases in the GCMs – for example, downscaling ACCESS1-3
reduces a positive mean precipitation bias, whilst downscaling HadGEM2-ES
exacerbates the positive mean bias, despite the fact that both models have their roots in
the Met Office Unified Model and therefore share similar underpinning physics with each
other and the RCM.
Figure A4.3.1 also shows that the RCM tends to be cooler over land because of the
improved representation of the orography and therefore of mountains in the region.
Evaporation is increased in the RCM because of the effects of local circulations on the
wind field, and surface humidity is reduced because of the more vigorous hydrological
cycle indicated by the enhanced precipitation.

Figure 4.4: Examples of full-field mean precipitation evaluation plots for the downscaling of ERAInterim (ERA-I), ACCESS1-3 and HadGEM2-ES for NDJ.

Another key test of the validity of downscaling to the RCM is the degree of adjustment
there is across the boundary between the driving GCM and the RCM. A particular
challenge of this study has been the fact that a range of GCMs have been used whose
physics and atmospheric states may not be compatible with those of the Met Office
nd
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RCM. In fact one of the important results of this study has been the degree to which this
potential problem has not been realised. In only one model of the original 10 selected in
the GCM sub-selection has the incompatibility been deemed to be too great to justify the
continued inclusion of the GCM in the project. Downscaling of GFDL-ESM2G showed
very large adjustments across the boundaries in terms of precipitation (Figure 4.5), with
large amounts of water being rained out as the atmosphere adjusted from the physics of
GFDL-ESM2G to the physics of the RCM. Furthermore comparison of the GCM and
RCM results confirmed that the differences between the two were much greater than is
reasonable. As a result the decision was made to not include this model in the study.
During the GCM sub-selection process, the model was included in order to capture its
relatively unusual combination of small temperature increases with relatively large
precipitation increases in its projections. Whilst it is not the only model in the CMIP5
ensemble which projects this ‘cool but wet’ future for the region (NorESM1-M produces
very similar projections), it was considered to be the more realistic of these models
(assessment of NorESM1-M found ‘significant biases’ in the north-east Monsoon, which
was considered to be particularly important to produce realistic meteorological conditions
for the region).

Figure 4.5: Mean NDJ rainfall in the downscaling of GFDL-ESM2G showing the very large
adjustments across the RCM boundaries.

4.4 Regional-scale climatology
Here we assess the combined biases introduced by both the RCM and driving GCMs,
and the resulting comparability with available observations in order to provide users of
the projections with an overview of how well the simulations relate to observed climate.

4.4.1 Mean monthly precipitation
Figure 4.6 demonstrates that the DDS models broadly capture key seasonal features in
the sub-regions in Figure 4.2. For MaPS and SCS, however, the simulations from
different models are wider ranging than for other subregions. For MaPS, most models
capture the bi-modal rainfall distribution, but some models show large systematic biases
nd
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(mainly dry biases) of which the largest are - 25-50%. For the ocean region SCS, as is
described in Section 4.3, some models simulate much higher mean rainfall than
observed during June-December.

Figure 4.6: Annual cycles of mean precipitation in all downscaled (DDS) simulations and TRMM
gridded observations.

4.4.2 Surface air temperature
Average surface air temperatures in most models tend to be cooler than the
APHRODITE observations in the land-only regions of MaPS, Java, Borneo and the
Philippines (Figure 4.7). Some care should be taken to interpret these apparent biases,
which may at least partly relate to likely errors in the observational data. Khiem et al.,
(2012) for example, note that gridded temperature products tended to over-estimate
temperatures in Vietnam compared to individual observation stations. Local scale
comparisons to station observations for Singapore can be found in Section 4.6.
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Figure 4.7: Annual cycles of mean surface temperature in all downscaled simulations and Aphrodite
gridded observations for land-only regions.

4.4.3 Surface humidity
The available near surface specific humidity (SH) and relative humidity (RH)
observational data are spatially incomplete in the region, so we use DDS-ERA-Interim as
the ‘best-guess’ observed values. For reference, a comparison of the DDS-ERA-Interim
simulation with HadISDH SH (not shown) indicates that over land the broadscale
geographical and seasonal patterns and values are realistic, but that the simulation
tends to be systematically lower (by around 1 g/kg). For RH, gridded data values are
available only for a restricted, land-only region of continental SEA, and are typically
around 10% lower than in DDS-ERA-Interim.
Figure 4.8 shows the annual cycle of near surface relative humidity for the various
regions. Overall the agreement with the ‘best guess’ observations and the consistency
between the models is reasonably good, apart from the ACCESS1-3 model over
continental SEA where its seasonal cycle is wrong, and for region MaPS where the
models are systematically too dry. SH values (not shown) tend to be close to DDS-ERAInterim.
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Figure 4.8: Annual cycles of surface relative humidity in all downscaled simulations.

4.4.4 Near-surface winds
The climatological 850 hPa wind patterns in JJA and NDJ (Figure 4.9) for all downscaled
simulations are comparable to those in the ERA Interim reanalysis. Downscaled winds
are about 2 ms-1 stronger over the Karimata Straits and Java Sea in the reanalysisdriven simulation compared to the driving reanalysis, during both JJA and NDJ. This
does not necessarily mean that the downscaled simulation is worse, since wind speeds
over the sea channel are affected by model representation of the coast and topography.
A larger issue in some models is the lag in the position of the ITCZ during NDJ, such as
in HadGEM2-ES and IPSL-CM5A-MR. Arguably, the southern part of the domain is still
considered inter-monsoonal and the simulations do not perform as well during intermonsoonal periods than during monsoonal periods (Figure A.4.4.1, November vs.
February). Both HadGEM2-ES and IPSL-CM5A-MR have corrected themselves by DJF
(not shown).
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Figure 4.9: For April-May, June-July-August (JJA), and November-December-January (NDJ) periods,
the 850 hPa climatological mean winds from ERA Interim reanalysis and the reanalysis-forced
simulation, compared to the best and worst simulations. Vectors show winds. Colour shows the
meteorological direction of the wind, while the colour saturation describes wind magnitude.
Singapore is located in the small black box. Note that for JJA and NDJ, most simulations effectively
perform as well as the best simulation.

4.4.5 Very wet days
The 95th percentile of daily precipitation is used here as an indicator of moderately heavy
rainfall days. This index does not tell us about the intensity of extreme short-intensity
(e.g. sub-daily) rainfall, but gives an indication of how the total rainfall is distributed over
the days in the period of interest.
There are some clear systematic differences between the magnitudes of 95th percentile
rainfall events in the simulations compared with those indicated by TRMM 3B42
observations (Figure 4.10). Notably, the values in all simulations are significantly
reduced across land regions by an order of around 50% over the Malay Peninsula and
Sumatra (the only land region with more realistic values in the Continental Southeast
Asia region). Heavy rainfall over the ocean regions (See Figure 4.11 and ‘South China
nd
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Sea’ box in Figure 4.10), however, are generally closer to the observed values in some
models. Figure 4.11 illustrates a clear contrast between the magnitudes of heavy rainfall
events that occur over land and sea – over oceans the heavy rainfall events are more
intense, and closer to reality, than in the driving GCM, as would be expected from a
higher resolution model. Over land, however, the magnitudes of heavy rainfall events are
generally lower compared to the driving GCM.

Figure 4.10: Annual cycles of 95th percentile of daily rainfall in all downscaled simulations and
TRMM gridded observations.

While some caution in the interpretation of TRMM data is prudent in the interpretation of
these comparisons, the size of the discrepancy in land values is large enough that we
should consider them to be unrealistic for the Malay Peninsula and Sumatra, Java,
Borneo and Philippines region. As noted earlier the 12km model has difficulty in
representing the diurnal cycle in convection over land with a tendency for convection to
form too early in the day and without enough intensity. This because the early start to
convection cuts off the heating of the land surface and lower atmosphere by the sun
which is a critical part of the growth and intensity of the late afternoon thunderstorms that
characterise the land regions of Indonesia and South East Asia. Current research has
shown that this problem can be rectified when very high resolution is used, of order 1 km
(see Chapter 6).
On the other hand the differences over the ocean between TRMM and the GCMs/RCMs
is more variable in magnitude and sign (Figure 4.11) and is more likely to be driven by
the SST biases inherited from the GCMs.

nd
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Figure 4.11: Examples of 95 percentile of daily rainfall maps for downscaling of ERA-Interim,
ACCESS1-3, HadGEM2-ES and IPSL-CM5A-MR.

4.4.6 Warm days
The 90th percentile of daily maximum temperature is often used as an index for the
occurrence of warm days. A robust assessment of the RCM across the model domain is
difficult because observations of this particular quantity do not exist. Instead the results
from DDS-ERA-Interim are used as the most viable alternative, noting, however, that the
values from DDS-ERA-Interim are still dependent on the RCM, in particular its land
nd
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surface scheme and the representation of the diurnal cycle (see above). Figure 4.12
shows that the DDS models generally follow the broadscale patterns of those in the
driving-GCM, and therefore vary from model to model, but that downscaling does tend to
reduce the magnitudes of the differences with DDS-ERA-Interim, potentially because
they all use a common model. A more detailed analysis of warm days is given in Section
4.6 based on station data for Singapore.

th

Figure 4.12: Examples of 90 percentile of daily Tmax (warm days) for downscaling of ERA-Interim,
CanESM2, CSIRO-Mk3-6-0 and GFDL-CM3.

4.5 Assessment of Processes Relevant to the Regional
Climate of Singapore
Climate over the western Maritime continent (including Singapore) is strongly correlated
by large scale processes including ENSO and the cold surges associated with the NE
monsoons. We thus assess the ability of the DDS runs in simulating these important
nd
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climate processes and their impacts on the regional climate, noting that much of this will
be determined by the performance of the driving GCM.

4.5.1 Local teleconnections with ENSO
An ENSO index was calculated for all of the driving global models by taking the mean
sea surface temperature (SST) over the (5°S-5°N, 190°E-240°E) region, and calculating
the monthly anomaly from monthly climatology. This region corresponds to that used to
calculate the Nino 3.4 index, and we shall refer to this time series as the model Nino 3.4.
In using this index, we assume that the global models’ representation of the ENSO is
sufficiently realistic such that the model SST anomaly over the Nino 3.4 region
adequately measures this mode. One alternative would be to perform principal
component analysis on every global model to construct the most representative index.
However, subsequent analysis of the rainfall teleconnection in each model would
measure rainfall in relationship to that model’s mode, not the ENSO mode corresponding
to observation. Using a fixed Nino 3.4 region and calculating model rainfall’s correlation
to the model Nino 3.4 enables us to see the how the model compares to observation.
Most of the global models used to drive the regional climate model show some form of
ENSO-like pattern in the correlation between their precipitation and the Nino 3.4 index
compared to observation (see Figure A.4.5.1). The exceptions are ACCESS1-3 and bcccsm1-1-m, with ACCESS1-3 having the correct correlation patterns in both seasons but
with excessively weak magnitudes.
The spatial pattern of the teleconnections in the downscaled simulations are generally
similar to those in the driving global models (see full sets of figures in the Appendix to
Chapter 4, Figures A.4.5.4 vs. A.4.5.3, and Fig 4.13 vs. A.4.5.2). The exception is
ACCESS1-3, where the downscaled simulation seems to greatly improve the strength of
the correlation patterns (Figure 4.13(a))
For the study of interannual variability in precipitation for the 12km RCM domain,
CanESM2 replicates the local teleconnection most realistically for both JJA and DJF
seasons. Downscaling adds little information to what is already present in the global
models, with the exception of ACCESS1-3. Downscaling is therefore considered not to
be necessary for the study of the ENSO teleconnections in the region.

4.5.2 Cold Surges
Cold surges are an important phenomenon characterising the intraseasonal variability
during the northeast monsoon season. These spells of strong winds over the South
China Sea, associated with southward intrusions of the Siberian High, can result in
sustained areas of convection over the Maritime Continent, including Singapore, and
also lead to higher water levels over the South China Sea.
The most common definition was derived in Chang et al. (2005); here we use a similar
index for cold surges, detailed in Lim et al. (in preparation), adjusted and adapted to be
easily applied to model evaluation. The index is based on the normalised wind speed at
850hPa exceeding the standard deviation of 0.75 and averaged over a box in the middle
of the South China Sea. Another criterion is that the mean sea level pressure should
exceed 1020hPa, or its equivalent normalised value in models across the band. A cold
surge event is defined when there are more than 2 consecutive cold surge days during
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the period from November to February. Composites are then derived for cold surge days
to analyse the impact on precipitation intensity and patterns across the region.
After verifying that the region of climatological wind intensification, as defined above,
was well represented in the models, this index has been applied to both sets of 9 GCMs
and 9 RCMs, and statistics of cold surges are summarised in Appendix Table A4.1.
Models do capture this variability and the duration of cold surges; however, whereas
statistics based on ERA-Interim show that cold surges represent 20% of the NDJF days,
models systematically underestimate the frequency of these events, whilst the
associated mean wind at 850hPa is overestimated. The statistics between the GCM and
RCM are not drastically different (not shown), which is expected for these large scale
advective events.
Composites of cold surge precipitation anomaly (Figure 4.14) show that models can
represent the associated increase in rainfall over the Maritime Continent during cold
surges, with an increase in precipitation over the South China Sea and the Java Sea,
and a decrease to the north of the South China Sea. The patterns are generally similar
to the GCM (not shown), with added coastal complexity in the RCM as expected, and
generally too strong enhancement of precipitation over the ocean as documented in the
previous sections. A feature that seems to be lacking in all models, including DDSERAINT, is the local enhanced precipitation signal over the southern Malay Peninsula,
whereas other coastal areas are better represented (e.g. north Sumatra and north
Borneo). Additional analyses would be required to understand the local processes.
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Figure 4.13: Pearson’s correlation between the June-July-August total precipitation from each
realisation of the regional model driven by different global models, and the model Nino 3.4 of the
same period calculated from its driving global model. Note that the differences between GPCP and
TRMM are due to sampling different years.
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Figure 4.14: Precipitation anomalies (mm/day) during composite periods of cold surges for the DDS
models and TRMM.

4.6 Assessment of local-scale climatology for Singapore
4.6.1 Rainfall
Singapore experiences both southwest as well as the northeast monsoon winds, and
cold-surge events during the northeast monsoon account for a significant fraction of
rainfall for the eastern half of the island. The climatological annual mean rainfall using
observations from 28 rain-gauges over Singapore for the period 1980-2013 is around 6.8
mm/day, and that from TRMM for the region (1.33 – 1.440N, 103.68 – 104.010E) is
around 7.0 mm/day (Figure A.4.6.1). The values from the downscaled GCMs range
from around 4.23 mm/day to 7.97 mm/day, with 5 out of 9 showing values within +/- 10%
of the observed climatological mean precipitation over the box. As can be seen from the
TRMM observations, the climatological mean spatial pattern of rainfall over Singapore is
not very different from that over the surrounding seas. However, some of the
downscaled models show a fair degree of disagreement in this regard, with a strong
nd
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land-sea contrast, which may be partly attributed to issues with the convection scheme
in simulating the diurnal cycle of rainfall over the region.
Since climatologically December is the wettest month of both the north-east monsoon
season, and the year, we have assessed the fidelity of the RCM in simulating mean
precipitation for this month (Figure 4.15). Observational analysis of 28 rain-gauge
stations over Singapore shows that for December the mean monthly accumulation is
around 295 mm or equivalent daily mean values of around 9.5 mm/day. The downscaled
simulations, however, significantly underestimate the rainfall over the Singapore Island
during December, with climatological mean values over the chosen box ranging from
around 1.77 mm/day to 7.30 mm/day.
As can be seen from the TRMM observations, the climatological mean rainfall over
Singapore Island is not very different from that over the surrounding seas. Most of the
simulations show significant land-sea contrast, with a strong wet bias over the oceans
and dry bias over the land, not seen in TRMM, which may be partly attributed to issues
with the convection scheme in simulating the diurnal cycle of rainfall over the land in this
region, as already discussed in Section 4.4.

Figure 4.15: December mean precipitation (mm/day) for Singapore and the surrounding Johor region
from the 9 downscaled GCMs and satellite retrievals from TRMM 3B43 re-gridded to the RCM grid.
Also shown on each of the panels are the area-averages for the outlined box over Singapore.

It is seen from observations that over Singapore there are significant monthly variations
of rainfall (Figure 4.15). February (associated with dry NE monsoon surges) happens to
be the driest and December (associated with wet NE monsoon surges) the wettest
month of the year. From a hydrological perspective, satisfactory simulation of these
monthly variations in rainfall is very important for water resource management over
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Singapore. Figure 4.16 shows the monthly variations of climatological mean rainfall over
the Singapore box defined above for models, TRMM and gauge observations. The
figure shows that the models struggle to capture monthly variations in rainfall at this local
scale, especially the onset of the northeast monsoon rainfall. In November-December a
large part of this inability to simulate the observed monthly variations arises from the
land-sea contrast, which is most prominent during the northeast monsoon season, as
discussed above. Inability of the DDS runs to simulate the impact of wet surges over the
southern Peninsular Malaysia region (Figure 4.14) is another important contributor to the
dry winter monsoon bias. Computing a similar monthly climatology over a box (1.331.440N, 103.68-104.780E) that includes the ocean points east of Singapore shows a
significantly better agreement with observations, as can be seen from Figure A.4.6.2.

Figure 4.16: Climatological monthly mean rainfall (mm/day) from all the downscaled models (a-i) in
the same order as the previous figures, TRMM 3B43 (j), and rain gauges over Singapore (k).

Given that it rains for almost 50% of the days annually over Singapore, it is important for
the downscaled runs to be able to simulate a reasonable distribution of rainfall on daily
timescales. Figure 4.17 shows the cumulative distribution functions (CDFs) of daily
rainfall from rain gauge stations and from the various DDS models. The CDFs for each
of the models are shown for one grid point over land (G5, covering the region with
maximum number of stations) and a number of grid points over the nearby ocean (E1-3
to the east and W1-2 to the west of Singapore). Following points can be noted from
Figure 4.17:


For most of the models the CDFs for the ocean grid points look much closer to
station observations as compared to the curves for the land grid point.



Most of the models tend to underestimate the number of days with no or
relatively light rainfall, partly because we are comparing values over a model grid
with those from individual stations, and also due to the likely overestimation of
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drizzle in the model (a known problem in models due to issues with the trigger
function used in their convection schemes).


The rainfall extremes simulated over nearby ocean grid points are more
comparable to station observations than those over land points.

Estimating rainfall projections on daily timescales over the Singapore region under
global warming would thus involve bias corrections of the model outputs. Given the issue
of land-sea contrast in simulated precipitation (not seen in TRMM retrievals wherein the
rainfall over Singapore is not very different from that over the adjoining oceans), and the
fact that the ocean CDFs generally compare well with the station observations, using
one of the ocean points shown in the figure as a proxy for the Singapore island stations
seems justified.

Figure 4.17: Figure CDFs for rainfall from 28 stations and sample land and ocean grid points from
the DDS models.

4.6.2 Surface humidity
In this section, we evaluate the performance of the DDS models in reproducing the
climatology of surface relative humidity (RH) for the southern portion of the Malay
Peninsula, comprising of Singapore and Johor. Surface RH, as opposed to specific
humidity (SH), is an important variable of concern for Singapore’s government
stakeholders, mainly because it is used in the calculation of an outdoor thermal comfort
and heat index.
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For Singapore specifically, we evaluate the simulated surface RH using the long-term
surface observational record, with 20-year (Dec 1985 – Nov 2005) hourly data obtained
from 3 meteorological stations located in the eastern, central-north and western parts of
Singapore. We derive daily mean data for each station from these hourly measurements
and then average across the stations to form an island-wide value for our local
assessment of the DDS models.
Most models persistently underestimate RH throughout the year, with biases of up to 15
% during January to March (Figure 4.18). Overall, the DDS models perform relatively
worse during this early part of the year but gradually improve towards November. This is
related to strong dry biases in daily mean specific humidity during December and May
(not shown), which are probably related to SST biases in the region, inherited from the
driving GCM.
Figure 4.18: Observed and modelled
climatological monthly means of surface
relative humidity for Singapore. 20-year (Dec
1979 - Nov 1999) modelled climatologies are
compared to both ERAI reanalysis and also
observations from 3 stations, island-wide.
The station observations used are from Dec
1985 - Nov 2005.

The failure of models to reproduce the monthly RH climatologies relates to their inability
to capture the shape of the observed distribution of daily values over Singapore (Figure
4.19). In general, the modelled distributions are much broader than observed, with
variability substantial number of days with much lower RH than is observed. Table A4.2
summarizes the statistics of the modelled distributions compared to island-wide
observations.
Figure 4.19: Distribution of daily mean
RH values over Singapore for Dec
1985–Nov 2005 derived from station
observations and DDS models. The
thick
dashed
dark
green
line
represents the island-wide mean RH
distribution obtained from station
observations.

In addition all models fail to capture the homogenous spatial pattern seen in the
‘observed’ RH field of the local region, not only in the annual climatology but also in
December and July (see Figures A.4.6.3-5). There is a systematic bias among the DDS
models with much lower RH over the sea than is ‘observed’, whilst most models are able
to reasonably reproduce land RH values over Johor and Singapore, albeit with some
negative biases. Specifically, all models underestimate RH over Singapore, with biases
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in the long-term annual mean ranging from -1 to -10%. A similar range of negative
biases are found for the December and July climatologies. The corresponding spatial
biases for each are shown by Figures A.4.6.6-8 in the Appendix.

4.6.3 Mean winds
Monthly climatology of 10 m winds at 8 model grid points surrounding Singapore in the
DDS, were compared with 10 m station winds from the Changi meteorological station
(Figure 4.20). The distributions of the model winds and the observed winds are not
expected to be identical, but if the selected model grid points are representative of
locations within the region, then the distribution of observed winds should fall within, or
at least largely overlap with, the distribution of grid point winds.

(e)

Figure 4.20: For 10 m monthly climatological wind: (a) the difference in meteorological direction
between winds from the downscaled simulations from Changi station winds, (b) meteorological
direction of station wind, (c) magnitudes of simulation and station winds. For each simulation and
the station, variability of (d) monthly mean winds and (e) daily mean winds, from the monthly
climatology wind of that source (see text for definition).
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Climatological monthly mean winds from local gridpoints in the simulations and the
sounding show good correspondence. Most of the time, the direction of the simulated
mean winds lie within the same quadrant centered on the climatological sounding wind
(Figure 4.20a & b). They also show a similar seasonal cycle in wind speed (Figure
4.20c). The variability of monthly mean (Figure 4.20d) and daily mean (Figure 4.20 e)
winds around the climatology was measured by the diagnostic sum( |v – v0|2 )/N, where v
is the mean wind, v0 the climatological mean wind, and N the number of mean wind
values. Although the variability in the monthly mean winds is reasonably well captured
by the DDS models, the variability in daily mean winds is generally underestimated,
probably because the 12km RCM is unable to resolve adequately the weather systems
that give rise to this variability.

Figure 4.21: Distribution of December daily mean 10 m wind in the regional models for 8 grid points
over Singapore (1960-2005 or 46 years), compared to the wind from the Changi station averaged
from 1 minute resolution wind (1983-2012 or 30 years). Shading shows the percentage of total
available daily mean values that fall in each of the direction bins. Crosses mark the monthly
climatological winds, and the black lines their meteorological direction. Direction and magnitudes of
the monthly climatological winds are listed on top of each panel.
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Distributions of daily mean 10m wind directions and strength have also been plotted as
wind roses for December (Figure 4.21) and July (Figure A.4.6.9), where the bottom
panel shows observed daily winds at 850 hPa from twice-daily soundings at 00z and 12z
from the Upper Air Observatory. Overall the correspondence between the models and
the observations is satisfactory. In July the agreement in wind direction is better than for
December and in both months there is a varying level of skill in terms of spread in the
wind direction and strength.

4.6.4 Temperature
For local surface temperature, the 12 km RCM outputs are evaluated by analysing the
annual cycle as well as the CDFs of the daily mean (TMm), maximum (TMx), and
minimum temperatures (TMn). The observed temperature from three stations (“S23” –
Tengah, “S24” – Changi, and “S25” – Seletar) with long term temperature records
(1981/1985 – 2013) are used to evaluate the RCM outputs with as close a matching
model 30-year period as possible (1975 – 2005). The grids of the RCM within Singapore
– six grids in all – are averaged as a representative distribution of observed data. It is not
intended for the spatial variability between grids to be evaluated since temperature is a
spatially smooth field and the difference from grid to grid is not expected to be
significant, unlike precipitation which shows more spatial variations. Additionally, RCM
outputs at the resolution provided are not expected to capture city-scale temperature
variations from station to station.
Figure 4.22 shows the annual cycle plots for monthly averages of the daily (a) maximum
temperature, TMx, (b) minimum temperature, TMn, and (c) mean temperature, TMm for
S23 (Tengah), S24 (Changi), and S25 (Seletar) and for the different historical RCM
simulations, including RCM-downscaled ERA-Interim data (DDS_ERAINT). In general
most of the models show cold biases in TMm of up to 1-2°C through the year, and cold
biases that range from 2-3°C for TMx. For TMn observations across 3 stations show a
wider spread such that the models generally fall within the spread of the observations. A
clear outlier is DDS_bcc-csm1-1-m, which has substantial warm biases in all three
temperature variables and an annual cycle that does not agree with the observations.
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Figure 4.22: Annual cycle plots for monthly average of the daily mean temperature, TMm (left panel),
maximum temperature, TMx (middle panel) and minimum temperature, TMn (right panel), for S23
(Tengah), S24 (Changi), and S25 (Seletar) in black lines, for the historical RCM simulations in colours
as labelled, and for the DDS_ERAINT (dotted red).

The CDFs of daily (a) maximum temperature, TMx, (b) minimum temperature, TMn, and
(c) mean temperature, TMm for S23 (Tengah), S24 (Changi), and S25 (Seletar) and for
the different historical RCM simulations for the year as a whole (ANN) are shown in
Figure 4.23.
The models simulate well the distribution of the daily mean temperature (TMm),
capturing roughly the observed distribution for the full range of TMm. For the daily
maximum temperature TMx, however, the models, including DDS-ERAINT, have a clear
cold bias with not enough warm days in the year. For the minimum temperature
distribution (TMn), the models show a warm bias overall and more warm nights than
observed. Overall, this suggests a narrower diurnal range in the models than is actually
observed.

Figure 4.23: CDFs for the daily mean temperature, TMm, maximum temperature, TMx and minimum
temperature, TMn, for S23 (Tengah), S24 (Changi), and S25 (Seletar) in black lines, for the historical
RCM simulations in colours as labelled, and for the DDS_ERAINT (dotted red).

4.7 Summary


The level of consistency between large-scale geographical patterns in the
downscaled GCM and the driving GCM in large-scale variables is satisfactory,
indicating that the lateral boundary conditions constrain the RCM sufficiently well.
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Comparison of the downscaled simulations with available observations show a
variety of biases which vary across different models, seasons and regions for
most variables. Some common behaviours are as follows:
o

Enhanced average precipitation over oceans

o

Reduced precipitation over the land grid points in the ‘Malay Peninsula
and Sumatra’ sub-region in most models

o

Significant shortcomings in the representation of heavy rainfall events.
Over land, the 95th percentile of daily rainfall is lower by 50% or more in
many regions compared with observations. There is a clear land-sea
contrast in the magnitudes of the heaviest rainfall events, with magnitudes
over the oceans being closer to those observed.

o

The lack of rainfall over land and the low values for the 95th percentile are
associated with well-known issues related to the representation of the
diurnal cycle at resolutions of the RCM and coarser. This is covered in
more detail in Chapter 6 where the experimental simulations at 1.5km
show a marked improvement in the diurnal cycle and in the simulation of
extreme rainfall events.



ENSO plays an important role in the inter-annual variability of south-east Asian
climate. The ability of driving GCMs to represent ENSO and its teleconnections
with regional climate variability are known to vary in the driving GCMs (see
Chapter 4.3). Dynamical downscaling does not add any additional information on
the seasonal impacts of ENSO on Singapore.



Cold surges exert strong influences on Singapore during the Northeast monsoon
season, bringing sustained areas of convection and high water levels in the
South China Sea. The simulations were found to capture the variability and
duration of cold surges well, but tend to underestimate their frequency. The
models represent the broadscale patterns of precipitation associated with cold
surges realistically, but lack the enhanced precipitation that is observed over the
Malay Peninsula during these events.



Comparison of the simulated local-scale climate of Singapore and its immediate
surroundings with station observations indicated the following characteristics:
o

Enhanced land-sea contrast in mean precipitation in the models, with
higher values over the ocean, and lower than observed values over the
land.

o

Reduced number of days with little or no rainfall. This is linked to a wellknown problem in models with parameterised convection where there is a
too frequent occurrence of light rain (drizzle).

o

Significantly reduced heavy rainfall events over land grid-points, but more
realistic values over the ocean grid points, associated with the
representation of the diurnal cycle over land.

o

Apparently realistic characteristics of wind gusts (See Appendix to
Chapter 4, Section 13.2), although this result should be treated with
caution because the model does not resolve the squall lines and
thunderstorms that drive these wind gusts.

o

A narrower diurnal range simulated by models than is actually observed,
with reduced maximum daily temperatures, and increased daily minimum
temperatures.
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4.8 Recommendations and Limitations
This report contains an overview of the characteristics of the simulations for the widerdomain as well as more specifically for Singapore as the key area of interest. For most
variables assessed, there are differences between the models and observations which
come from both the driving GCM and aspects of the RCM associated with its resolution
of 12km and its inability to resolve important rain-bearing systems.
The implications of any shortcomings in the regional climate projections used for impacts
studies will depend partly on the sensitivity of the system being studied; even small
errors can have significant implications for the results of impacts studies if the system is
sensitive to small differences in input values. We recommend that users of the data for
specific impacts studies consult the full set of evaluation plots provided for the variables,
regions and seasons of interest in order to identify shortcomings which may affect the
integrity of their specific impact assessments. Sensitivity studies can provide a useful
indication of the implications of such errors on a particular impact.
A notable shortcoming in the simulations is the reduced magnitude of heavy rainfall
events over land grid points. We recommend that these values are not used directly for
land grid points. Instead we recommend that values from a neighbouring ocean point
might be more representative and should be considered as a possible alternative.
In using projections of future climate, users should note that a number of processes are
known to be poorly understood and/or poorly represented in most or all climate models.
In Chapter 3, for example, it was noted that the Madden Julian Oscillation (MJO) exerts
a strong influence on intraseasonal variability, but is known to be poorly represented in
most global models. Where there is no evidence that phenomena such as this are
realistically represented in a climate simulation, changes in those phenomena under
future scenarios cannot be diagnosed with confidence.
The downscaled simulations are based on a single realisation of each GCM’s baseline
climate, from 1950 to 2010. While this is normally considered adequate for assessing
changes in mean climate, this is a relatively small sample size for assessing changes in
variability.
A limitation on all model evaluation work, particularly at high resolution, is the availability
of temporally and spatially complete observed datasets. Those datasets that do exist are
based on station-networks with varying coverage and are therefore subject to
inaccuracies.
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