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Abstract
Change to precipitation in a warming climate holds many implications for water management into the future, and an enhancement of a precipitation decrease or increase on or around mountains would have numerous impacts. Here, an intermediate
resolution regional climate model (RCM) ensemble projects enhanced precipitation decrease on the windward slopes of
over many mid-latitude mountains in winter, consistent with theory and model studies of idealised mountain ranges. This
ensemble projects that an increase in convective rainfall determines the sign of total rainfall change in many regions in summer, only some of which are on or near mountains such as the European Alps. These same projected changes are present in
inland slopes of the Australian Alps compared to surrounding regions as simulated by three RCM ensembles (the intermediate
resolution and two high resolution ensembles), which agree on an enhanced precipitation decrease on the windward slopes
in winter and spring, as well as an enhanced precipitation increase in summer driven by an increase in convective rainfall.
The ensembles disagree on an enhanced precipitation decrease in autumn. The results represent regional-scale added value
in the climate change signal of projections from high resolution models in cooler seasons, but suggest that the specific model
components such as convection schemes strongly influence projections of summer rainfall change. Confidence in the simulation of change in convective rainfall, or convection-permitting modelling may be needed to raise confidence in summer
rainfall projections over mountains.
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Changes to regional rainfall due to anthropogenic climate
change has implications for stream flows, water resources,
hydropower generation, tourism, flooding, agriculture and
natural systems into the future, including over mountain
ranges (Beniston and Stoffel 2014). Topography is likely
to affect the regional rainfall change over mountain ranges,
including those in the mid-latitude band. To understand
the likely projected rainfall change over these mid-latitude
mountain ranges, and assess the certainty in the projection, it
is useful to assess the change expected from physical theory,
and how well it aligns with projections using models that can
resolve mountains.
A warming climate drives changes to precipitation
through changes in thermodynamics as well as circulation,
affecting all forms of precipitation including stratiform rainfall, convective rainfall, snow and graupel (Collins et al.
2013). In addition, warming affects the temporal distribution
of rainfall, typically including an increase in extremes (Held
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and Soden 2006; Chou et al. 2012). Effects from orography
affect rainfall change, such as the formation of mountain barrier jets (Dezfuli et al. 2017) shadowing from topographic
barriers and orographic convection. Feedbacks such as those
involving snow and ice cover typically lead to enhanced projected warming over mountains (Rangwala and Miller 2012;
Minder et al. 2018), and this may influence change in total
precipitation (Im et al. 2010). The shift from precipitation
falling as snow to rain causes a deepening of rain shadows
and affects the spatial distribution of water resources, floods
and landslides (Pavelsky et al. 2012). The balance of all
these factors determines overall projected change in precipitation over any mountain region.
Looking first at the cool seasons, the mid-latitudes are
projected become drier due to changes in the predominantly
westerly circulation and a reduction in stratiform rainfall
(Collins et al. 2013). So a key question is whether this reduction in stratiform rainfall is enhanced or ameliorated over
mountain ranges compared to low elevation. In simulations
of simplified low-elevation mid-latitude mountains, stratiform rainfall decreases on windward slopes in 40–50 °N,
despite an increase in extreme rainfalls and water vapour
fluxes (Shi and Durran 2014). This study found that the overall rainfall decrease can be explained by a simple balance
between an increase in precipitation of 4–5% K− 1 following the effect of the Clausius–Clapeyron relation on rainfall
(Held and Soden 2006), countered by a decrease in the westerly wind speed related to the movement of the storm track,
and a decrease in saturated vertical displacement related to
the relative humidity aloft during rainy events. This study
also found strong north–south gradients in the sensitivity
of rainfall change to temperature, so simulating fine scale
changes over realistic mountains will depend on the accuracy of large-scale flows. The shape and size of mountain
ranges is important in that they affect the change in the drying ratio (the fraction of impinging water vapour falling as
precipitation), and several other factors (Eidhammer et al.
2018). If this rainfall change is reflected in simulations of
real mid-latitude mountain ranges, we expect an enhanced
drying on windward slopes especially the poleward extents
of the ranges.
Turning to summer, changes in convective rainfall with a
warming climate must also be considered. As temperature
increases, variables such as low-level potential instability
and convective available potential energy (CAPE) increase.
Mountains influence convection through surface heating
forcing convection and destabilising the overlying midtropospheric layers, and also through inducing mesoscale
circulation and convergence (Giorgi et al. 1997). Cannon
et al. (2012) suggest that changes in embedded convection
due to warmer, less stable upstream flows would lead to
greater precipitation efficiency and enhanced drying ratios,
with moderate precipitation increases over wide ridges, but
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significantly more modified orographic precipitation over
narrow ridges. This is likely to be important in summer in
mid-latitude mountain ranges, and could be reflected in
enhanced rainfall increase on mountain tops.
High-resolution regional climate models (RCM), can
more finely resolve the relevant regional processes and
topography than coarse global climate models (GCMs),
including the effect of topography. The extra regional detail
in the simulation of the current climate is known as ‘added
value’. Similarly, extra regional detail or ‘added value’ can
be found in the projected climate change signal, also noted
as ‘downscaling signal’ using the framework of Di Luca
et al. (2012). In relation to mid-latitude mountain ranges,
notable regional-scale added value has been found through
fine resolution modelling in the European Alps (Torma et al.
2015). Downscaling revealed a projected increase in rainfall
at high elevation in Boreal Summer (JJA), in contrast to the
drying of the surrounding region (Kotlarski et al. 2012), and
the projected changes to convective rainfall tips the balance
and determines this sign of change (Giorgi et al. 2016). A
topographic dependence has been found in changes to dry
spells, wet spells and extremes in the European Alps (Gao
et al. 2006). At higher elevation but below mountain peaks
in summer there is a projected decrease in rainfall, including
a decrease in the number of wet days and wet day intensity,
and an increase in the number of multi-day dry spells (Fischer et al. 2015). Increases in convective rainfall leading to
an increase in total rainfall over mountains in the warmer
seasons, in contrast to general rainfall decrease in the cool
season driven by changes to other rainfall types, has been
found not only in the European Alps (Giorgi et al. 2016), but
in the American Rocky Mountains (Leung and Ghan 1999).
Here we look at the projected change in rainfall over
mid-latitude mountain ranges (25–50° latitude) in transient
climate change model simulations with realistic topography, and examine the patterns of enhanced drying in winter and enhanced rainfall increase in summer. We look at a
few example cases in this latitude band, with a particular
focus on the Australian Alps as a case of a mountain range
with a restricted, seasonal snow cover and relatively low
elevation (up to around 2200 m compared to 4800 m in the
European Alps). This case is chosen reveal where the processes may be more subtle or marginal. Previous work has
shown that total precipitation is significantly declining on
the western and high slopes but not the eastern slopes, likely
due to changes in the westerly circulation, and expressed
through a reduction in intensity of rainfall events (Fiddes
and Pezza 2015; Fiddes et al. 2015). Previous RCM studies
projected enhanced drying at higher elevation compared to
the general drying in the Australian Alps region annually
and in most seasons (Harris et al. 2016; Olson et al. 2016), a
projection also seen in the high altitude regions of Tasmania
to the south (Grose et al. 2010). We examine the balance
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of parameterised rainfall (i.e., sub-grid scale estimates of
rainfall, largely representing convective rainfall) and other
precipitation types on the total rainfall projection, as well
as projected changes to wet spells, dry spells and rainfall
extremes, and examine the consistency of these projections
to previous studies of rainfall processes.

2 Models and methods
Here we examine the projected changes in seasonal rainfall
over mountain ranges, in all four calendar seasons (denoted
by the initials of the months examined, i.e., DJF, MAM, JJA,
SON) looking particularly at the peak seasons of JJA and
DJF. We examine projected change in three RCM ensembles (Table 1), looking first at various mountain ranges in
simulations performed for the Australian state of Queensland (https://app.longpaddock.qld.gov.au/climateFacts/)
using the Cubic Conformal Atmospheric Model (CCAM)
of McGregor and Dix (2008) at a global spatial resolution
of ~ 50 km using the setup and methodology described
by Katzfey et al. (2016), as used in Syktus and McAlpine
(2016) and Salazar et al. (2016). At this ~ 50 km resolution,
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convection is fully parameterised. This ensemble is referred
to as CCAM-50 for simplicity.
We then examine the Australian Alps in detail. Firstly,
mean rainfall in 1990–2009 (the baseline used in model outputs), and linear trends in rainfall in 1970–2017 are examined using the Australian Gridded Climate Dataset (AGCD),
which is a 0.05 °lat/lon (~ 5 km) gridded climate dataset
based on observations (Jones et al. 2009). The mean circulation over regions is indicated by the mean wind speed
at the 850 hPa level in NCEP/NCAR Reanalysis 1 (Kalnay
et al. 1996), displayed as vectors. Precipitation projections
for the Australian Alps in CCAM-50 and also two fine resolution RCM ensembles are examined. The first fine resolution ensemble is the new projections for the Australian
state of Victoria using CCAM at ~ 5 km spatial resolution
using the approach described by McGregor et al. (2016),
which includes the downscaling digital filter of Thatcher
and McGregor (2011), referred to as CCAM-5. The CCAM
parameterisation for convection is scale-aware, so becomes
increasingly weaker as the model approaches convective
scales, hence in these ~ 5 km resolution simulations, the
influence of the convective parameterisations is relatively
weak. The second is the New South Wales and Australian

Table 1  Dynamical downscaling models and details used in this study
Ensemble name

Model

Resolution and domain

Input models

10 km, southeast Australia 4 CMIP3 Global Climate
Models
1. CCCMA CGCM3.1-t47
(run 4)
2. CSIRO-Mk3.0 (run 1)
3. MPI-OM-ECHAM5 (run
1)
4. MIROC3.2-medres (run 1)
Three different WRF configurations (12 total simulations)
50 km, global
11 CMIP5 GCMs (all run 1)
Conformal
CCAM-50
1. ACCESS-1.0
Cubic AtmosDepartment of Science, Infor2. ACCESS-1.3
mation, Technology, and Inno- pheric Model
3. CCSM4
(CCAM)
vation (DSITI), Queensland
4. CNRM-CM5
state government (for methods
5. CSIRO-Mk3.6
see: Katzfey et al. 2016)
6. GFDL-CM3
7. GFDL-ESM2M
8. HadGEM2-CC
9. MIROC5
10. MPI-ESM-LR
11. NorESM1-M
CCAM
5 km, southeast Australia 6 CMIP5 GCMs (all run 1)
CCAM-5
1. ACCESS-1.0
Victorian projections for
2. CNRM-CM5
Department of Environment,
3. GFDL-ESM2M
Land, Water and Planning
4. HadGEM2-CC
(DELWP) and Wine Australia
5. MIROC5
(for methods see: McGregor
6. NorESM1-M
et al. 2016)

WRF-10
New South Wales and Australian Capital Territory regional
climate modelling (NARCLIM) project (Evans et al.
2014)

Weather
Research and
Forecasting
(WRF)

Emissions scenario and periods
used
SRES A2
Time-slices 1990–2009,
2020–2039 and 2060–2079

RCP8.5
Continuous 1961–2100

RCP8.5
Continuous 1961–2100
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Capital Territory Regional Climate Modelling project
(NARCliM), which uses the Weather Research and Forecasting (WRF) model at ~ 10 km spatial resolution (Evans et al.
2014; Olson et al. 2016), referred to as WRF-10. All model
ensembles reproduce the rainfall climatology of Australia
with more fidelity than GCMs, including the higher rainfall over mountains, see listed publications for details of the
evaluation, and see Figure S1 for an evaluation of CCAM-5
mean seasonal rainfall over the Australian Alps compared
to AGCD and also high-resolution atmospheric Bureau of
Meteorology Atmospheric high-resolution Regional Reanalysis for Australia (BARRA) at ~ 12 km resolution (Su
et al. 2018).
Projected change is examined over a consistent timeframe
of 1990–2009 to 2060–2079 under a high emissions scenario. The specific emissions pathway differ between the
ensembles: both CCAM ensembles use the global climate
models from the Coupled Model Inter-comparison Project
phase 5 (CMIP5) ensemble as input (Taylor et al. 2012),
which are forced by the representative concentration pathway (RCP) RCP8.5 (van Vuuren et al. 2011), whereas WRF10 uses models from the CMIP3 archive (Meehl et al. 2007)
and so uses climate forcings from the A2 emissions scenario
from the special report on emissions scenarios (SRES) of
Nakicenovic et al. (2000). The A2 scenario and RCP8.5 both
feature ongoing high emission of greenhouse gases, however A2 has slightly lower concentrations than RCP8.5 by
2100. Forcings under each scenario are applied and dynamically modelled in each host GCM, but how the emissions
scenarios are applied in RCMs makes a difference to the
results (Jerez et al. 2018). Here the atmospheric forcings
are also applied consistently in the relevant components of
RCMs (e.g., radiation balance in each model). GCM data
were interpolated to a common 2 × 2 °lat/lon grid, and all
observed and RCM outputs were analysed using the original
grids.
The projected change in (1) total rainfall; (2) sub-grid
scale parameterised rainfall (largely representing convective rainfall, so is labelled ‘convective’); and (3) the difference between 1 and 2, mainly representing large-scale

and stratiform rainfall so is labelled ‘stratiform’ (but it
should be noted that this also represents snow and graupel) are examined in all four calendar seasons (denoted
by the initials of the months examined, i.e., DJF, MAM,
JJA, SON). The projected change in the Expert Team on
Climate Change Detection and Indices (ETCCDI) set of
indices related to rainfall extremes and wet/dry periods
(Karl et al. 1999) is examined in CCAM-50.
The configuration of the model in aspects such as convection or microphysics are likely to affect the projections,
especially for convective rainfall change. WRF-10 uses
three different configurations of WRF (Table 2). Configurations R1 and R3 use the Kain–Fritsch convection
scheme (Kain 2004), whereas configuration R2 uses the
Betts–Miller–Janjic scheme. The configuration R2 uses
a cumulus physics scheme that was previously found
to produce less rain (Gilliland et al. 2007). The CCAM
convection scheme (McGregor 2003) handles both deep
and shallow convection in a unified manner and employs
a unique closure. The scheme calculates updraft mass
fluxes, as used in the Kain–Fritsch scheme but not the
Betts–Miller–Janjic. In this way, the CCAM scheme shares
more similarities with the R1 and R3 configurations in
WRF-10, than the R2 configuration.
Cases where the projected change in rainfall is enhanced
on or near mountain ranges compared to surrounding
regions are identified, and where there is a relationship
between rainfall change and elevation are identified. For
summer rainfall, regions where change in convective rainfall determines the direction of total rainfall change are
also identified. Note here that the convective rainfall in the
respective models is produced by a model parameterisation
scheme and not modelled on first principles, so is sensitive
to both the parameterisation used and the resolution of the
model itself.

Table 2  Configuration of the 3 WRF regional climate models in WRF-10
Ensemble
member

Planetary boundary layer physics/surface layer physics

Cumulus physics

Micro-physics

Land surface physics

Shortwave/longwave radiation
physics

R1
R2
R3

MYJ/Eta similarity
MYJ/Eta similarity
YSU/MM5 similarity

KF
BMJ
KF

WDM 5 class
WDM 5 class
WDM 5 class

Noah LSM
Noah LSM
Noah LSM

Dudhia/RRTM
Dudhia/RRTM
CAM/CAM

The planetary boundary layer physics/surface layer physics include Yonsei University (YSU)/Similarity theory (MM5) and Mellor–Yamada–Janjic (MYJ)/Similarity theory (Eta). The cumulus physics are Kain–Fritsch (KF) and Betts–Miller–Janjic (BMJ) schemes. The radiation physics
include Dudhia/RRTM and CAM/CAM shortwave/long wave schemes. Other physics include microphysics (WDM 5 class) and land surface
physics (Noah LSM)
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3 Results
3.1 Mean rainfall in mid‑latitude mountain ranges
We first look at the projected rainfall change over various mountain ranges in the mid-latitude belt of westerly
circulation (25–50 °latitude) in the global medium-resolution RCM ensemble CCAM-50. This ensemble projects an enhanced rainfall decrease in winter (DJF in the
northern hemisphere, JJA in the southern hemisphere) on
or near four example mountain ranges (Fig. 1). The rainfall decrease appears enhanced as a proportional change
on the windward slopes or near various European ranges
including the western slopes of the European Alps, some
regions within the Rocky Mountains in North America,
the northern extent of the Andes in South America and
southwest South Africa (Fig. 1). Here the 1000 m contour
is shown as a guide to the location of major topography,
and just four examples are shown. The results are broadly
consistent with simulations of idealised mountain ranges
(Shi and Durran 2014), where the decrease is proportionally greater at some regions of the windward slopes and
higher altitude in the band of 40–50 °S. In addition, some
mountain ranges in the 25–40 °S band in all sub-domains
show a similar rainfall decrease on the windward slopes.
The projected rainfall increase south of 50 °S in southern
Chile is consistent with previous projections and idealised model simulations. The projections in the realistic
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mountain ranges are noisier and less clear compared to
idealised mountains, but there are several cases that appear
interesting.
Next we turn to summer rainfall change, where convective rainfall is a higher proportion of the total rainfall in
mid-latitude mountains, and convective rainfall was previously found to be important to the total rainfall change
(Giorgi et al. 2016). Projected changes in CCAM-50 for
the European Alps in summer (Fig. 2a–d) broadly reproduce the results of Fischer et al. (2015) and Giorgi et al.
(2016) despite the coarser resolution (~ 50 km compared
to ~ 12 km). Namely, there is a projected rainfall increase
at high altitude in contrast to the rainfall decrease in the
broader region, where this sign of change is driven by a
marked increase in convective rainfall and a smaller reduction in stratiform rainfall types above ~ 1000 m modelled
altitude. In CCAM-50, convective rainfall is projected to
increase more than an opposing decrease in stratiform
rainfall in many regions around the world, not just on or
near mountains (Fig. 2e, f). In the northern hemisphere
summer (JJA), this balance is present at the top of European Alps as expected, but also in regions within other
mountain ranges in Europe, Asia, North America and
Africa and non-mountain regions in all continents. In the
southern hemisphere summer (DJF), the same balance is
present on the inland slopes of Australian Alps as expected
from the high-resolution ensembles, but also present in
many other regions including areas not near mountains.

Fig. 1  Projected change in winter rainfall (%) in 11-member
CCAM-50 ensemble between
1990–2009 and 2060–2079
under RCP8.5 in winter (DJF
in northern hemisphere, JJA in
southern hemisphere) in four
regions as marked. Arrows indicate the mean 850 hPa winds in
NCEP/NCAR Reanalysis 1 in
1990–2009 at 2.5°lat/lon spacing; stippling indicates where
more than 8 out of 11 models
agree on the sign of change;
red line signifies the model’s
1000 m elevation contour to
indicate major topographic
features

13

3680

M. R. Grose et al.

Fig. 2  Projected change in summer rainfall between 1990–2009 and
2060–2079 under RCP8.5 in the CCAM-50 ensemble mean, a the
European Alps in 11 CMIP5 models; b Alps in CCAM-50 total rainfall; c Alps in CCAM-50 stratiform rainfall; d Alps in CCAM-50
convective rainfall; e areas where change in convective rainfall determines the sign of change in total rainfall in boreal summer (JJA); f as

for e but for southern hemisphere summer (DJF). In the upper panels
stippling indicates where 9–11 models agree on the sign of change
and dashed lines indicate the model’s surface height at 400 m intervals. In the lower panels, red lines show the 1000 m height contour to
indicate major topographic features

3.2 Mean rainfall in the Australian Alps

summer in contrast to the rainfall decrease in surrounding
areas (Fig. 3). More detailed analysis of rainfall trends in
observations is not performed, as the AGCD dataset has
poor station coverage over the Alps and so trend analysis
can’t be considered completely reliable. Further analysis
using additional datasets or high-resolution reanalysis is
needed.
Turning to model projections, in the cooler seasons outside summer (MAM, JJA, SON), there are various cases
where the RCM project an enhanced rainfall decrease on
the windward slopes or otherwise in the proximity of the
Australian Alps (Figs. 4, 5, 6). The projection of enhanced
rainfall decrease on windward slopes in the cool season is
consistent with previous projections, other regions shown
above and idealised simulations (e.g. Shi and Durran 2014).
In CCAM-5 there is an enhancement of the projected
decrease in total rainfall on the inland, windward slopes in

We now turn to the Australian Alps as an example of lower
elevation mountains in the mid-latitude westerly belt where
we have two high-resolution RCM ensembles to compare
to CCAM-50. In the Australian Alps, higher rainfall is seen
over the mountains than over the lowlands with a distinct
seasonal cycle peaking in winter, and a mean westerly circulation in all seasons (Fig. 3). There is high inter-annual
variability in most seasons (see Fig. 3 caption, e.g., winter
rainfall is115 ± 36 mm/month).
Since 1970, the AGCD dataset shows the Australian Alps
have seen an enhanced drying at higher altitude compared
to the surrounding regions in autumn, winter and spring
(with statistical significance of greater than p = 0.1 in some
regions in autumn and spring), as found previously (Fiddes
and Pezza 2015), as well as an increase in precipitation in
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Fig. 3  Rainfall mean and trends in the AGCD dataset, a mean rainfall in 1990–2009 in Summer (DJF), rainfall > 1000 m elevation is
83 ± 30 mm/month (mean and standard deviation), inset shows
the location of the Australian Alps domain within Australia, vectors show the mean 850 hPa wind; b linear trend in mean rainfall in
1970–2017 (mm/decade) in DJF; c mean in Autumn (MAM), rain-
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fall > 1000 m elevation 83 ± 32 mm/month; d trend in MAM; e mean
in winter (JJA), rainfall > 1000 m elevation is 115 ± 36 mm/month; f
trend in JJA; g mean in spring (SON), rainfall > 1000 m elevation is
108 ± 32 mm/month; h trend in SON. Dashed lines show topography
at contours of 400 m, hatching shows statistical significance of the
linear trend at the 0.1 level
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Fig. 4  Projected change in rainfall in the Australian Alps in CCAM-5
between 1990–2009 and 2060–2079 under RCP8.5 (%) by calendar
season, a autumn (MAM); b winter (JJA) and c spring (SON). First
row shows change in total rainfall in the mean of 6 CMIP5 models
used as input; second row shows CCAM-5 total rainfall; third row

is CCAM-5 stratiform rainfall; fourth row is CCAM-5 convective
rainfall; and fifth row plots modelled surface height against convective and stratiform rainfall change. Stippling indicates where 5 or 6
models agree on the sign of change, lines show coastline and model
topography contours at 400 m intervals

MAM, JJA and SON seasons (Fig. 4e–g) compared to the
six CMIP5 models used as input (Fig. 4a–c). The decreases
in stratiform rainfall types (Fig. 4i–k) exceeded a slight
increase in convective rainfall over the mountains. While
the change in convective rainfall is large as a proportion (%),
convective rainfall is very low in these seasons so represents
a small change in absolute rainfall (discernible in scatter

plots, Fig. 4q–s). The rainfall decline in stratiform rainfall
appears to have some elevation-dependence in autumn, winter and particularly in spring, but the only relationship that
is significant at the 95% level in stratiform rainfall in spring
(using the t-statistic of the linear coefficient).
The WRF-10 ensemble shows some similar projected
changes as CCAM-5 in the cool seasons, but some notable
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Fig. 5  As for Fig. 4 but for the WRF-10 ensemble and under the A2 scenario, stippling indicates where 9–12 simulations agree on the sign of
change

differences in the seasonal signature (Fig. 5). Winter rainfall
is projected to decrease but not as strongly as in CCAM5, whereas the strong spring rainfall decline is similar to
CCAM-5. The autumn rainfall projection is wetter than
CCAM-5, driven by a difference in the GCMs used as
input and expressed through the change in stratiform rainfall (WRF-10 projections of convective rainfall is similar
to CCAM-5). There appears to be elevation dependence in
some cases such as spring, but no slope is significant at 95%
in WRF-10 in any season. In some cases in both WRF-10

and CCAM-5, the relationship to topography appears to be
complex (e.g. stronger on one slope than the other), so a
simple linear fit of change and elevation doesn’t capture the
relationship.
The lower resolution CCAM-50 shows a similar projection as CCAM-5, but with lower magnitude of drying
and less fine-scale spatial detail around the peaks (Fig. 6).
This suggests that the added value in the change signal
of enhanced drying over mountains is present even with
coarsely resolved mountains, but the magnitude of projected
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Fig. 6  As for Fig. 4 but for the CCAM-50 ensemble, stippling indicates where 9–11 simulations agree on the sign of change, dashed lines show
model topography contours at 400 m intervals

change increases with the resolution of the topography
features.
In summer, there is some similarity in the projected
change between all three high-resolution ensembles, with
some degree of enhanced rainfall increase on or near the
Australian Alps (Figs. 4, 5, 6). In CCAM-5 in summer
(Fig. 4), convective rainfall shows an increase with elevation-dependence (positive slope is significant at the 95%
confidence level), and this change determines the sign of

13

change in total rainfall in much of the region. The same
balance of projected changes was seen in the coastal slopes
in CCAM-5 in MAM rainfall. In WRF-10, the projection
of convective and stratiform rainfall is similar to CCAM-5,
but with less obvious elevation-dependence in convective
rainfall change (Fig. 5). The results from CCAM-50 are
similar to CCAM-5 despite the lower resolution (Fig. 6),
suggesting that the model configuration has a greater effect
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on the projections than the resolution within this range
(between 5 and 50 km).
Looking at rainfall averaged over the highlands region
(above 1000 m modelled altitude), there is a projected
reduction in the seasonal cycle expected from the seasonal means above, but with a wide model range and
some difference between CCAM-5 and WRF-10 (Fig. 7).
CCAM-50 is not examined, as it doesn’t resolve peaks
over 1000 m. There is generally a reduction in the cool
season total rainfall but a different seasonal signature in
the two ensembles, e.g., a reduction in CCAM-5 but little
change in WRF-10 in autumn (Fig. 7). In summer there
is little change or a small increase in total rainfall with
lower model agreement in both CCAM-5 and WRF-10.
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Convective rainfall is projected to increase in summer,
with higher model agreement in CCAM-5 than WRF-10
(Fig. 7c, d).
The wider range of results in WRF-10 is due in part to the
marked differences between the three different WRF configurations used compared to a single setup in CCAM. The
convection or microphysics schemes in the three WRF configurations (Table 2) give a different mean in the current climate and in the projected change. In particular, configuration
R2 simulates lower convective rainfall in some regions in
summer (Fig. 7), and also a lower projected change in convective rainfall in summer (Fig. 8). The lower consistency
in the projections from WRF-10 compared to CCAM-5 in
all seasons is also likely a function of the limited-area model
with uncorrected GCM inputs used in WRF-10 compared to

Fig. 7  Monthly mean rainfall
above 1000 m modelled altitude
in the Australian Alps in each
month of the year in AGCD
observed dataset in 1990–2009
(blue), modelled in 1990–2009
(black) and modelled in
2060–2079 (red) in each simulation (thin lines) and the mean
of simulations (thick lines) for:
a total rainfall in six CCAM-5
simulations; b total rainfall in
twelve WRF-10 simulations; c
convective rainfall in CCAM-5;
d convective rainfall in WRF10, line styles in WRF-10 plots
represent the three different
model configurations used (R1,
R2 and R3)

Fig. 8  Projected change in DJF
convective rainfall (%) in the
three configurations of WRF
used in WRF-10 (four simulations per sample)
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the global atmospheric model that uses only corrected sea
surface temperatures (SSTs) and sea ice from GCMs used in
CCAM (Thatcher and McGregor 2011). Both WRF-10 and
CCAM-5 chose their subset GCM host models to be representative of the range of change in the respective ensembles (CMIP3 and CMIP5), however the GCM choice seems
to explain some difference in the projections for Autumn
(MAM).

3.3 ETCCDI indices
Looking at winter as indicative of the cool seasons, and
examining both the European and Australian Alps, there
are some notable features in the projections of ETCCDI
Fig. 9  Projected change in
expert team on climate change
detection and indices (ETCCDI)
rainfall indices in CCAM-50 for
1990–2009 to 2060–2079 under
RCP8.5 in winter for the Australian Alps and European Alps,
mean of 11 ensemble members,
stippling indicates where 9–11
simulations agree on the sign
of change. Dashed lines show
modelled topography contours
at 400 m intervals: a, b count
of wet days over 1 mm; c, d
maximum number of consecutive wet days over 1 mm; e, f
precipitation on wet days (mm/
day); maximum precipitation of
consecutive 5-day periods (mm)
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indices. CCAM-50 shows an influence from topography in
the projected changes in wet days, consecutive wet days,
wet day precipitation and maximum 5-day rainfall (Fig. 9).
Similar changes are also seen in heavy precipitation days,
very heavy precipitation days, consecutive dry days, simple
daily intensity, very wet day precipitation, extreme wet day
precipitation and maximum 1-day precipitation (European
case shown in Figure S2). See Karl et al. (1999) for the general definitions of ETCCDI indices, and Wong et al. (2011)
for the derivation of theses indices for the CCAM-50 ensemble. The results for the Australian Alps from CCAM-50 are
similar to that previously found in WRF-10 for the same
indices such as maximum 1-day precipitation (Evans et al.
2016). In contrast to winter, there is an enhanced projected
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increase in ETCCDI indices in summer (Figure S3), as found
by Fischer et al. (2015).

4 Discussion
Here the projected changes in precipitation over mid-latitude
mountain ranges between the start and late twenty-first Century under a high emissions scenario is examined in intermediate (~ 50 km) and high resolution (~ 5 and ~ 10 km) RCM
ensembles. Projected changes in all three ensembles show
notable differences from the coarser models used as input,
including small-scale spatial detail associated with topography. This is conceptually known as ‘downscaling signal’
(Di Luca et al. 2012), as documented previously in WRF-10
by Di Luca et al. (2016).
Projected rainfall changes in cooler seasons appear to be
consistent with simulations using idealised mountain ranges,
with enhanced drying over the windward side of mountain
ranges driven by changes in stratiform (non-convective)
rainfall rather than convective rainfall. This projection is
suggested for high mountain ranges such as the western
slopes of the European Alps, but is present in the much
lower Australian Alps where there is a greater projected
decrease in rainfall on the windward slopes or otherwise in
the proximity of the Australian Alps compared to the lower
altitude in winter and spring in all three RCM ensembles.
This enhancement is found on the inland slopes and tops of
mountains in some cases but is strongest on the windward
slopes in some cases. An enhanced rainfall reduction in winter mean rainfall is also seen on windward slopes or tops of
other mid-latitude mountain ranges, and a projected decrease
in various rainfall extremes indices is seen in the Australian
Alps and European Alps in winter.
Previous studies suggest that in mid-latitude mountains this enhanced decrease is driven by changes such as a
decrease in saturated vertical displacement (Shi and Durran
2014), shifts in the pattern of condensation with warming
(Siler and Roe 2014), and possibly an increase in weak rain
shadows (Siler and Durran 2016). The results presented
here are broadly consistent with these previous results, and
are quite consistent among the ensembles with different
resolutions and configurations, and in realistic mountains
rather than idealised mountain ranges. This suggests that the
physical mechanisms such as decreases in saturated vertical
displacement can be expected to drive rainfall decreases in
mid-latitude mountain ranges in the future. A switch from
precipitation as snow to rain may also contribute to particularly strong decreases on the upper slopes in winter, as
found in idealised high-resolution experiments in the Rocky
Mountains (Pavelsky et al. 2012). This is less likely to be
an important driver in mountains with small and marginal
snow cover such as the Australian Alps. Also, large-scale
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processes driving increases in wet extremes are in fact less
sensitive over mountains (Shi and Durran 2016), suggesting a decrease in wet extremes over mountains compared to
lower elevation, and this is consistent with projections over
the European Alps in winter presented here (Figure S2).
Projected rainfall change in mid-latitude mountains in
summer is more dependent on changes in smaller-scale
processes such as convection than the cool season, since
convective rainfall is a larger component of the total rainfall.
The projected change to convective rainfall determines the
sign of total change of rainfall on the inland slopes of the
Australian Alps, and near some other mid-latitude mountains, but also in other regions away from mountain ranges.
The response over mountains is consistent with RCM rainfall projections in European Alps (Giorgi et al. 2016), and
with enhancement of convective rainfall with warming at
this latitude (Cannon et al. 2012). Enhanced increases in
wet extremes over the mountains in summer is consistent
with previous studies (Fischer et al. 2015), and is likely to
be driven by convective processes such as convection consistent with extremes in this season (Shi and Durran 2015).
However, the response in non-mountain regions may involve
other processes, and needs further examination.
For the Australian Alps, projections show some notable similarity to recent trends, namely an enhanced drying
over the higher elevations in the cool seasons but a rainfall increase in contrast to surrounding drying in summer
(Fig. 3). Biases or other limitations of the observed datasets
should be noted. The observed trends suggest that an effect
of greenhouse gases on rainfall trends may be already present and attributable in the current climate, but this also
requires further work.
Next we consider how the model choices of resolution,
emissions scenario and convection scheme affect the results.
In the cool seasons, the magnitude of the projected rainfall
reduction and enhancement around the Australian Alps is
lower in CCAM-50 compared to CCAM-5 in some notable cases. This indicates that the resolution of the topography and the meso-scale features in simulations implies an
enhancement of rainfall reductions over mountains in all
cases, but the resolution affects the magnitude of rainfall
change over the peaks in cool seasons.
In summer, projected changes in the total, convective and stratiform precipitation types for the Australian
Alps from the intermediate resolution CCAM-50 ensemble (~ 50 km, with fully parameterised convection) are
broadly similar to the fine resolution CCAM-5 ensemble
(~ 5 km, where convection is modelled to a greater extent
and parameterisations are weak). CCAM-50 also reproduces similar results for the European Alps published previously. This similarity of results suggests that the effect
of the CCAM convection parameterisations is similar to
the modelled convection down to this resolution. It would
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be informative to look at simulations at ‘convectionpermitting’ resolution of (~ 1.5 km) is used (e.g. Kendon
et al. 2017). As expected, the different configurations
of convection or microphysics in the three WRF model
configurations used in WRF-10 give different projected
changes (Fig. 8). This is consistent with previous analysis
of WRF ensembles (Evans et al. 2012; Katragkou et al.
2015). In particular, the configuration R2, which includes
the Betts–Miller–Janjic convection scheme, produces
lower convective rainfall and a weaker convective rainfall
response than R1 and R3, consistent with previous results
in Gilliland et al. (2007). The CCAM convection scheme
shares more similarities with the R1 and R3 configurations than the R2 configuration, consistent with a stronger
response in convective rainfall in all these ensembles.
Previous studies also suggest the convection scheme has
an effect on the projections, where a set of recent RCMs
projected a rainfall increase on the European Alps in summer (Fischer et al. 2015), but drying extended to the tops
of the Alps in an earlier set of RCMs (Gobiet et al. 2014),
perhaps due to the handling of convection. The convection
scheme has been found to affect the simulation of phenomena that bring heavy rainfall, including the intensity of
extra-tropical cyclones (Ragone et al. 2018). The effect of
different convection schemes on the projected changes in
rainfall and the weather systems that bring them requires
further investigation, where if particular convection
schemes can be shown to be more or less appropriate then
this could provide a more reliable projections of change,
including in cases such as the European Alps.
In CCAM-50 the influence of convective rainfall
change in determining the direction of summer total rainfall change seems to be only loosely proportional to the
strength of forcing from greenhouse gases. In the European Alps, the projected increase on mountains was clear
in projections under the strong forcing of RCP8.5 through
different periods in the century in Giorgi et al. (2016), and
was present in the multi-model ensemble under lower forcing of A1B in Fischer et al. (2015). Here, the cases where
convective rainfall change determines the sign of change in
total rainfall in summer, for the 1990–2009 to 2060–2079
case, are fairly consistent in 1990–2009 to 2020–2039
change (Figure S4).
The results hold implications for interpreting the output
from analogue-based statistical downscaling for projected
change in summer rainfall. If the method used does not
account for changes in processes such as convection, then
it may not project the sign of change in summer rainfall
reliably. In fact, it was previously found that statistical
downscaling can give opposite sign of projected rainfall
change under a warming climate depending on the predictors used (Fu et al. 2018).
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5 Conclusion
The results suggest an enhancement of the drying on the
slopes or tops of mid-latitude mountain ranges in the cool
season, including in the Australian Alps, is plausible due
to increasing greenhouse gases and a warmer climate. The
projections in broadly consistent with changes found in idealised experiments (Shi and Durran 2014), so is consistent
with large-scale circulation changes together with changes in
drivers such as saturated vertical displacement. A projected
increase in summer rainfall near the peaks of the Australian
Alps is driven in part by an increase in convective rainfall,
which shows some similarity to the case in the European
Alps (Giorgi et al. 2016). Results from an ensemble of
50-km simulations suggest that change in convective rainfall
may be important in determining the sign of summer rainfall
change in a notable proportion of land regions, not exclusively in the vicinity of mountains. The results also suggest
that it is useful to break down projections of different rainfall types (convective and stratiform) in the summer season
and examine simplified models of underlying processes to
examine the overall projected change in summer rainfall and
assess confidence in projected changes.
The results show a potential usefulness of RCMs, revealing that the projected change in the mean seasonality of rainfall over mid-latitude mountain ranges such as the Australian Alps could be more strongly affected by human induced
climate change than GCMs suggest. In particular, RCMs
project a greater decrease at high altitude in cool seasons
than GCMs and little change or rainfall increase in summer effectively reducing the seasonal cycle. This projected
change would have flow-on effects to water management,
stream flows, hydro-electric power generation, natural ecosystems and agriculture in the mountain regions, as well
as downstream impacts on catchments originating in the
mountains. This finding holds many implications for water
management over or near other mountain regions, as well as
many regions in summer (not just over mountains).
The results reinforce the value of supplementing lower
resolution GCMs for examining projected climate change
in regions with important surface forcing from topography.
This further analysis may be in the form of additional statistical analysis specifically designed for rainfall over topography (e.g. Paeth et al. 2017), or higher resolution modelling
as used here. For summer in particular, there may be value in
examining convection-permitting resolution modelling (e.g.
Ban et al. 2015; Prein et al. 2015; Kendon et al. 2017) to
better assess projected rainfall over mountains.
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