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Abstract Rainfall over Vietnam is highly variable from
north to south, due to the interaction of the monsoonal
winds with the terrain. There is high rainfall from April to
September, and little rainfall from October to March
(except along the central Vietnam coast). In order to study
the ability of the Commonwealth Scientific and Industrial
Research Organisation stretched-grid Conformal Cubic
Atmospheric Model (CCAM) to capture the climatic and
interannual variability of rainfall, downscaled simulations
at approximately 20 km horizontal resolution over the
region were produced for the period 1979-2001. A scale-
selective digital filter was used to force the winds, tem-
perature and sea-level pressure from the ERA-Interim
reanalysis for length scales greater than about 700 km. For
wind and temperature, the forcing is applied for pressure-
sigma levels above about 0.9. ERA-Interim sea surface
temperatures were used over the oceans. The simulations
were primarily validated against the gridded Asian Pre-
cipitation Highly Resolved Observational Data Integration
Toward Evaluation of the Water Resources rainfall dataset
and station observations using standard statistical methods.
It was found that CCAM reproduces well the amount and
spatial variability of rainfall, with an area-averaged bias for
the entire study domain of less than 1 mm day'; CCAM
is also able to capture the rainfall pattern under different El
Nifio Southern Oscillation phases reasonably well for the
dry season. For interannual variability, the simulation
generally performed better for North and Central Vietnam
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than for South Vietnam, where rainfall variability was
overestimated.
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1 Introduction

Vietnam stretches along the South China Sea (SCS), also
known as East Vietnam Sea (EVS), from 9 to 23°N with a
narrow coastline and mountain range in the middle
(Fig. 1a). Most socio-economic activities are concentrated
on the Red River and Mekong River deltas. Income heavily
depends on agriculture (GDP, 13.85 % in 2009) and tour-
ism (www.gso.gov.vn/default_en.aspx?tabid=508&idmid=
&lItemID=13276).

Vietnam is a tropical country and experiences two types
of monsoon: a southwest summer monsoon (hereafter wet
season) from April to September and a northeast monsoon
or winter monsoon (hereafter dry season) from October to
March. This terminology is a simplified description of the
wet and dry seasons. As explained by Phan et al. (2009),
the “wet seasons” are (May—October, August—-December,
May-October) respectively for (North, Central, South)
Vietnam, whilst the dry seasons are respectively (Novem-
ber—-March, January—July, November—March). As elabo-
rated by Phan et al. (2009), in North Vietnam the maximum
rainfall occurs in July—August and is related to the activi-
ties of the ITCZ and tropical cyclones; in South Vietnam
and the Central Highlands it occurs in August—October and
is related to the warm-moist maritime airflow originating
from the Bay of Bengal; in Central Vietnam (mostly
located in the east side of Truong Son Range) the maxi-
mum rainfall occurs in September—November and is
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Fig. 1 a CCAM orography
(elevation in m) with the high
resolution region enclosed by a
rectangle. Red text denotes
North and South Vietnam, the
Truong Son Range (Central
Vietnam). b Observed stations
(red dots) are provided by HUS
and IMHEN; pink squares show
Bacquang (North Vietnam),
Aluoi, Namdong, Tramy and
Bato (Central Vietnam),
Nhatrang, Pharang, Phuquy and
Truongsa (South Vietnam)
stations. ¢ CCAM 20 km
horizontal resolution land-sea
mask, where stations on land are
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mainly caused by interactions between the cold-air pene-
trating from the north, activities of the ITCZ, tropical
cyclones, and orography.

Wang and Chang (2012) conducted a numerical simu-
lation to investigate the relationship between the large-
scale monsoon circulation and precipitation, with and
without orography, over the Indochina Peninsula (includ-
ing Vietnam). The study found that the monsoon rainfall
over this region is highly localised, being strongly influ-
enced by interaction between local wind and orography.
Furthermore, Central Vietnam experiences landfall from
typhoons originating from the western North Pacific during
the winter monsoon, which causes flood, loss of life and
infrastructure damage. In 1997, typhoon Linda was the
deadliest typhoon of the century, causing the loss of
thousands of lives, and the destruction of over 150,000
houses. The southern tip of Vietnam, which was on the
storm track, suffered the largest damage. More recently,
typhoon Kai-Tak (19-20 August 2012) made landfall and
killed about 20 people, with more than 12,000 houses
damaged, more than 30,000 ha of cropland flooded, about
200 trees uprooted and a huge sink-hole in the middle of
the road according to the United Nations (http://reliefweb.
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int/report/viet-nam/typhoon-Kkills-17-vietnam). Rainfall and
typhoon activity are strongly correlated with the El Nifio
Southern Oscillation (ENSO) in the winter monsoon sea-
son, particularly in Central Vietnam (Yen et al. 2011; Phan
2002).

Recently, the effects of climate change are apparent in
Vietnam. For example, salt-water intrusion in South Viet-
nam has forced some farmers to give up their rice farming
and adopt fish and shrimp farming. The Asian summer
monsoon seasons, including those of Vietnam, are also
observed to arrive earlier (Kajikawa et al. 2012). The
rainfall in May is showing increases whereas the rainfall in
June shows decreases (Kajikawa et al. 2012). This is of
great concern for Vietnam due to the consequent need for
new infrastructure and new skills.

In this study, we focus our investigation on the capa-
bilities of Conformal Cubic Atmospheric Model (CCAM)
simulation of mean climate, forced by initial and broad-
scale conditions provided by ERA-Interim (Simmons
et al. 2006) for the period 1979-2001. The study provides
a measure of the skill of CCAM’s convective parame-
terization and the capability of CCAM to capture the
orographic influences on the creation of rainfall for the
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region. Descriptions of the data used, the model and
CCAM grid setup are provided in Sect. 2. Results of the
simulations are discussed in Sect. 3 for present-day con-
ditions (1979-2001). Conclusions are given in Sect. 4.

2 Data used and model setup

Due to some differences found in “observed” data sets
(Krajewski et al. 2000; Nguyen et al. 2011), in particular
over Asia (Yatagai et al. 2005, 2012), we used four dif-
ferent gridded observed data sets to validate the model
results. The observed data sets are the CPC Merged Ana-
lysis of Precipitation (CMAP, Xie and Arkin 1997), the
Global Precipitation Climatology Project data set (GPCP,
Adler et al. 2003), University of East Anglia Climatic
Research Unit (CRU, New et al. 1999) and Asian Precip-
itation Highly Resolved Observational Data Integration
Toward Evaluation of the Water Resources (APHRO-
DITE), where CMAP and GPCP have resolution 2.5°, CRU
0.5° and APHRODITE 0.25°. APHRODITE has high res-
olution but the number of station data included in this data
set over Vietnam is sparse (Fig. 1b). Also APHRODITE
and CRU have values only over land. More details on the
APHRODITE data set can be found in Yatagai et al.
(2012). Significant differences between the two mean-
rainfall data sets are investigated by the Student 7 test.
The verification is focused on rainfall for two seasons,
wet (from April to September) and dry (from October to
March). The model results are also compared to station
observations provided by Vietnamese scientists from Hanoi
University of Science (HUS) and the Vietnam Institute of
Meteorology, Hydrology and Environment (IMHEN).
Statistical methods used are mean, bias (model minus
observation), root mean square error (RMSE). Since the
model was forced every 6 h by ERA Interim, we also
explore model performance using forecast skill scores
(www.cawcr.gov.au/projects/verification/#Standard_verifi
cation_methods) such as accuracy, bias score, probability
of detection, false alarm rates, success ratio, critical suc-
cess index and equitable threat score. Formulations of the
above statistical variables are given in the “Appendix”.
For the past decade the CCAM has been the mainstay of
Commonwealth Scientific and Industrial Research Orga-
nisation (CSIRO) dynamical downscaling (McGregor
1996, 2005a, b; McGregor and Dix 2001, 2008). CCAM is
an atmospheric Global Climate Model (GCM) formulated
on the conformal-cubic grid. CCAM includes a fairly
comprehensive set of physical parameterizations. The
GFDL parameterizations for long-wave and short-wave
radiation (Schwarzkopf and Fels 1991; Lacis and Hansen
1974) are employed, with interactive cloud distributions
determined by the liquid and ice-water scheme of Rotstayn

(1997). The model employs a stability-dependent boundary
layer scheme based on Monin—Obukhov similarity theory
(McGregor et al. 1993), together with the non-local treat-
ment of Holtslag and Boville (1993). A canopy scheme is
included, as described by Kowalczyk et al. (1994), having
six layers for soil temperatures, six layers for soil moisture
(solving Richard’s equation) and three layers for snow. The
cumulus convection scheme uses a mass-flux closure, as
described by McGregor (2003), and includes downdrafts,
entrainment and detrainment. CCAM is not only used for
climate studies (Nguyen et al. 2011), it is also used in a
short-range weather forecast system (Landman et al. 2012).

In the simulation analysed here, CCAM was run with a
variable-resolution grid, having about 20 km resolution
over Vietnam, becoming gradually coarser further away.
The large-scale winds, temperatures and mean sea level
pressure were forced by the 6-hourly ERA-Interim
reanalysis using a scale-selective digital filter (Thatcher
and McGregor 2009) forcing at length scales of about
700 km and larger, which allows finer spatial scales to
evolve quite freely. For winds and temperatures the filter is
only applied above pressure-sigma level 0.9 in a terrain
following coordinate, leaving the boundary layer essen-
tially unperturbed. ERA-Interim sea surface temperatures
were used over the oceans.

The region studied is shown in Fig. la, along with the
surface elevation used by CCAM. The rectangle shows the
high-resolution panel having 20 km horizontal resolution.
The high-resolution region spreads over Vietnam, Laos,
Cambodia and the eastern part of Thailand. Vietnam has a
very narrow middle section (hereafter Central Vietnam)
with a complex terrain. The central region is dominated by
the Truong Son Range with elevation exceeding 1,200 m;
it is described as a mesoscale mountain and its role is
important in determining rainfall over Central Vietnam
(Xie et al. 2006). In South Vietnam, the region of the
Mekong River Delta is fairly flat. North Vietnam is flat
over its southeast region, but there is high terrain in the
northwest corner near the border with Laos. On the eastern
side of Vietnam is the SCS/EVS which is vulnerable to
tropical cyclones, in particular affecting Central Vietnam.
The model results are also compared with observed
stations.

The observed station locations in Vietnam are shown in
Fig. 1b. It is seen that stations are sparse in South Vietnam
(below 13°N), whereas there is a good network of observed
stations in Central Vietnam (stations with latitudes between
13°N and 19°N) and in North Vietnam (stations with lati-
tudes above 19°N). The station data are extracted from
CCAM and APHRODITE from the nearest grid points.
From the model land-sea mask (Fig. 1c), it is seen that
CCAM 20 km resolution is still too coarse to resolve some
coastal stations such as Vungtau and Quynhon, and island
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Fig. 2 Mean sea level pressure
(shaded) and 10 m wind, with
ERA-Interim (left panel) and
CCAM (right panel), for the wet
season (fop April-September)
and the dry season (lower
October—March); wind vector of
10 m s~ is indicated
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stations such as Phuquoc, Condao, Truongsa and Phuquy in
South Vietnam and Coto and Bachlongvi in North Viet-
nam. These islands are small in size and are not resolved by
the 20 km model horizontal resolution; therefore these
islands occur as sea points in the simulation.

3 Results and discussions

In this Section we focus on two contrasting seasons: wet,
from April to September and dry, October to March for
mean climate conditions.

3.1 Meteorological conditions at the surface

The CCAM-simulated mean (1979-2001) 10 m wind
compares well with that of ERA-Interim, as shown in
Fig. 2 for both seasons. This is partly a result of the large-
scale spectral nudging which was applied to data above
pressure-sigma level 0.9. The mean sea level pressure
(MSLP, shaded) matches the ERA-Interim data very well,
except over the Himalayas. The apparent differences over
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the Himalayas are partly related to different methods of
reduction to sea level in the analyses and model.

In the wet southwest monsoon season (April-Septem-
ber, upper panels of Fig. 2), the southwesterly wind
arrives to the region from the Bay of Bengal where wind
is strongest at around 6-10 m s™'. Over the northwest
Pacific, the wind is weaker and anti-cyclonic around the
subtropical high. In the Northern Hemisphere, the low
pressure regions are located over the Bay of Bengal and
over the SCS/EVS. Meanwhile the high pressure system
from the Southern Hemisphere extends northward with its
centre over Borneo and directs the warm and moist mar-
itime air into South Vietnam, causing rain to fall in this
region.

In the dry season (October to March, lower panels of
Fig. 2), the Siberian High is located over the northern
boundary and extends over the Sea of Japan and directs
cold and dry air into North Vietnam, to the East China Sea
and to the SCS/EVS. Air flowing into Central and South
Vietnam from the SCS/EVS is warm and moist. Winds
over the SCS/EVS and western Pacific are strong,
8-10 m s~ during the dry season.
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Fig. 3 10 m wind speed biases
(shaded), for wet season (left
April-September) and dry
season (right October—March),
only biases at 95 % significance
level (by Student ¢ test) are
shown

APR-SEP

Even though both ERA-Interim and CCAM winds
appear similar (Fig. 2), the CCAM 10 m wind speed is
stronger compared to that of ERA-Interim (Fig. 3), except
over the southern tip of South Vietnam, where it is slightly
weaker. Along the east coast of Vietnam, the bias is large
in both seasons. The largest bias is +4 m s~ ' along the east
coast and SCS/EVS during the wet season; it is slightly less
in the dry season.

3.2 Spatial pattern of mean rainfall

Verification is now provided for mean rainfall in respect to
the wet and dry seasons. The CCAM results are compared
with three observed data sets, GPCP, CRU and
APHRODITE.

There is a big contrast between the rainfall in the wet
and dry seasons. In the wet season (Fig. 4), significant
rainfall is evident over the entire domain, with rates of
3-10 mm day . Regions with highest rainfall are on the
windward side of the high terrain, such as along the east
coast of the Gulf of Thailand, where the onshore wind
interacts with elevation. Laos, located on the west side of
the Truong Son Range, receives high rainfall during the
southwest monsoon season. High rainfall is also seen over
southeast China. On the other hand, Central Vietnam and
the northern part of South Vietnam receive less rainfall
because these regions are in rain shadows of the mountains
to their west. CCAM captures this rainfall pattern, resem-
bling the detailed rainfall pattern of APHRODITE, whereas
the GPCP, and to some extent CRU, rainfall patterns are
smoother due to their coarser resolutions. GPCP and CRU
also produce slightly more rainfall overall when compared
with APHRODITE, in particular along the east coast. Also,
the wind extends into the SCS/EVS then channels through
the Gulf of Tonkin into North Vietnam and forms an anti-
cyclonic circulation centre over the southern part of North

CCAM WIND SPEED BIAS — AT 10M

OCT-MAR

Vietnam (around 18°N and 105°E), causing heavy rainfall
in this region (Fig. 4). CCAM captures the spatial pattern
but it underestimates rainfall amount for the region.

The dry season (Fig. 5) is the northeast monsoon season
in Vietnam, when the predominant wind is east to north-
easterly from the East China Sea. The interaction of this air
with the Truong Son Range produces heavy rainfall on the
eastern side of the mountains (Fig. 4). High rainfall
(>5 mm day ") is confined along the narrow east coast of
the Truong Son Range, while elsewhere the rainfall rate is
about 2-4 mm day~'. This pattern is seen in all the
observations and in the CCAM simulation. Again, GPCP
and CRU rainfall peaks are lower than APHRODITE and
are spread over a larger area. CCAM resembles closely the
APHRODITE rainfall pattern.

Rainfall biases for the wet and dry seasons are shown in
Fig. 6. For simplicity we only show the biases against
APHRODITE due to its higher resolution. Only the biases
with significance level at the 95th and above are shown.
The significance is determined using Student ¢ test based on
the 22-year means of APHRODITE and CCAM rainfall. In
general, CCAM simulates too much rainfall over Thailand
and Cambodia. Over North Vietnam, CCAM underesti-
mates rainfall in the wet season but reproduces well the
rainfall amounts in the dry season. Over Central and South
Vietnam, CCAM captures well the rainfall amounts in the
wet season but slightly overestimates the amounts in the
dry season, in particular along the Truong Son Range. Note
that this excess rainfall is mainly due to the CCAM heavy
coastal rainfall extending slightly further inland than
APHRODITE. As shown in Fig. 1 for Vietnam, there are
not many observing stations in South and Central Vietnam
or in Cambodia (Yatagai et al. 2012), and there are very
few stations along the east coast of Vietnam. Therefore
biases over these areas may be due to a lack of observa-
tions, but also possibly due to some under-representation of
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Fig. 4 Wet season (April—
September) mean rainfall

GPCP

MEAN RAINFALL - APR-SEP

CRU

(mm dayfl), with GPCP (top
left), CRU (top right),
APHRODITE (lower left) and
CCAM (lower right)

APHRODITE

the orography in CCAM. The orography plays an important
role in rainfall (e.g. Sarker 1966; Xie et al. 2006; Wang and
Chang 2012). As the southwesterly air approaches the
mountains, moisture-laden air is forced to rise, producing
intense convection on the windward side. The CCAM
biases over Thailand, Cambodia and South Vietnam may
be due to CCAM having stronger southwesterly monsoon
winds over the Bay of Bengal compared to ERA-Interim
(Fig. 3, shaded, left panel) as discussed above. However,
the biases over Cambodia and South Vietnam are disput-
able, since GPCP and CRU rainfall are larger than APH-
RODITE over these regions (Fig. 4). Again, keep in mind
that APHRODITE gridded rainfall is interpolated from
station observations.

Statistical measurement of the spatial pattern of the
mean rainfall over the high-resolution domain enclosed in
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the black box shown in Fig. la is summarized in Table 1,
where the statistical formulations are given in the Appen-
dix. CCAM reasonably resembles the APHRODITE and
CRU rainfall patterns, in particular in the dry season, which
can be seen by the index of agreement (IOA) in Table 1.
IOA can range from 0 (showing disagreement) to 1
(showing agreement) with the observed patterns. The rea-
son for stronger agreement with observed patterns in the
dry season is because this season is dominated by high
rainfall over the east coast of middle Vietnam (the statistics
are dominated by the outliers, Willmott 1982). The CCAM
rainfall pattern in the wet season and in the annual mean
has lower IOA (close to 0.70). In terms of bias, CCAM
slightly underestimates APHRODITE for the dry season
and performs well for both the wet season and annual
mean. For the mean absolute error (MAE), the error ranges
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Fig. 5 As in Fig. 4 but for the
dry season (October—March)

MEAN RAINFALL - OCT-MAR

APHRODITE

CCAM

from 0.6 to 1.5 mm day ', whereas the root mean square
error (RMSE) is between 0.85 and 2.0 mm day_l. The
verification shows similar results for CRU, but the results
are slightly worse for CMAP and GPCP likely due to their
coarse resolutions.

The 22-year mean monthly rainfall averaged over the
high-resolution domain (enclosed by the black box shown
in Fig. 1a) is shown in Fig. 7, where the observed rainfall
was interpolated onto the CCAM 20 km grid. The results
show that CCAM captures the seasonality well. The
amounts of the APHRODITE rainfall are also captured
well, except for the period from January to April when
CCAM overestimates against all three observed data sets.
The percent error is between 20 and 100 % for these
months. It is worth mentioning that this is a dry season, so
an error of about 10 mm per month can produce a large

mm/d

percent error. In comparison to CMAP, GPCP and CRU
rainfall, CCAM produces insufficient rainfall during May—
October, 25-50 mm per month less than observations, with
largest errors for June to August. However, CCAM over-
estimates all observations from January to April by similar
amounts.

3.3 Station verification of the mean rainfall

The verification for the stations located in regions of North,
Central and South Vietnam are shown in Figs. 8, 9 and 10,
respectively. In North Vietnam (Fig. 8), the wet (upper
panel) and dry (lower panel) seasons are apparent with
much more rainfall during the wet season. During the wet
season, the rainfall at most stations is between 5 and
10 mm day ™', except for Bacquang station, where the
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Fig. 6 CCAM rainfall bias
(mm day~") against

RAINFALL BIAS OCT—MAR

APHRODITE rainfall, where
bias is defined as CCAM minus
observed rainfall, for the wet/
dry seasons, and only the biases
with 95 % significance level
and above are plotted

Table 1 Statistical comparisons of mean rainfall pattern against
APHRODITE

I0A BIAS MAE RMSE
Apr-Sep 0.69 0.07 1.47 2.02
Oct-Mar 0.87 —0.44 0.60 0.85
Annual 0.67 —0.16 0.87 1.18

rainfall is above 20 mm day . This station is located in a
valley near the northern border with China (the pink square
in Fig. 1b). The nearest stations are Hagiang, with rainfall

just above 10.5 mm day ', Langson and Tuyenquang with
rainfall just above 5 mm day .

The Bacquang station seems to be an outlier compared
to the surrounding stations. The large rainfall amount
observed at Bacquang can be explained by the interaction
between monsoon circulations and local orography. Bac-
quang station is located in a “funnel valley” with the
“valley mouth” open to the southeast windward direction
in both winter and summer monsoons, while the “funnel
stem”, which is toward to the north-northwest, is inter-
cepted by the high mountains. We believe that the high
rainfall over the Bacquang station is probably due to the

Fig. 7 Area-averaged monthly- 300
mean rainfall amounts (mm, S 9Bias_CMAP
solid line) for CMAP (black),
CRU (blue), GPCP (yellow), 250 1 - 0Bizs_CRU
APHRODITE (green) and )
CCAM (red). CCAM absolute 200 s GECE
(dashed) and percent (bars) BN %Bias_Aphrodite
biases are shown against each -
observation, CMAP (black), 150 = CMAP
CRU (blue), GPCP (yellow) and
APHRODITE (dark green) 100 ———CRU
e GPCP
50 = Aphrodite
e CCAM
0 p
- - - CCAM-CMAP
-50 - - - CCAM-CRU
~ = - CCAM-GPCP
-100
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec = = = CCAM-Aphrodite
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local station orography. Its meteorological elevation is
74 m, whereas in CCAM this station has height 190 m and
is located northeast and upslope of a mountain having
height 2,000 m. Therefore in CCAM, it is in a rain shadow
in the southwesterly monsoon wet season. Note that
CCAM and APHRODITE are in good agreement at this
station. In general, CCAM (APHRODITE) underestimates

rainfall in North Vietnam with bias within 5 (1) mm day_l,

except Bacquang station. In the dry season (Fig. 8 lower
panel) the rainfall is low, less than 5 mm day™' at all
stations. Both CCAM and APHRODITE agree well with
the stations in this season, with small biases.

In Central Vietnam (Fig. 9), the wet and dry season
rainfall is not very different. The rainfall rate is
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Fig. 10 As in Fig. 8 but for 20
South Vietnam stations with APR-SEP

M OBS M CCAM B APHRODITE m (CAM-OBS m APHRODITE-OBS
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10

-5 4

10 -
20 ~

I

15
OCT-MAR

10

F
J
o
K

‘T“F‘.”.

-5 4

-10 -

Nhatrang
Phanrang
Phanthiet
Bmthuoc

5-10 mm day ', except Aluoi, Namdong, Tramy and Bato
stations in the dry season which have observed rainfall rate
above 10 mm day~'. The stations are located between
14°N and 16°N and are on the eastern side of the Truong
Son Range (pink squares) and at high elevation. In par-
ticular Aluoi is on the slopes of the Truong Son Range,
with CCAM elevation of 790 m. The rainfall in this region
for October and November is mostly from a combination of
orographic effects (see Fig. la), tropical cyclones and
ITCZ. Both CCAM and APHRODITE provide insufficient
rainfall compared to these stations, with APHRODITE a
little less than CCAM, with Bato station having a bias of
10 mm day~'. At other sites, both CCAM and APHRO-
DITE capture well the observed station rainfall, with biases
less than 5 mm day ™.

In South Vietnam (Fig. 10), there is a contrast between
the wet and dry seasons. In the wet season, rainfall is
5-10 mm day ', except for Nhatrang, Phanrang and
Phuquy stations, which CCAM and APHRODITE capture
well. The rainfall bias is less than 5 mm day ™' in the wet
season, where both tend to underestimate the observed
station rainfall. In the dry season, there is very little
rainfall in South Vietnam and the rainfall rate is under
5 mm day ' at most stations, except Truongsa, which is
located at the southeast corner in Fig. 1b and is unre-
solved (i.e. an ocean point) in CCAM and missing in
APHRODITE. Note that CCAM results in better agree-
ment with the APHRODITE rainfall because this is a
gridded data set at a comparable resolution and its rain-
fall magnitudes apply to an area-averaged grid box
(20 km x 20 km). On the other hand, station-observed

@ Springer

Daknong

.

"

x
=

Dalat
Baoloc
Phuquy
Vungtau
Phuquoc
Cantho
Rachgia
Camau
Condao
Truongsa

rainfall is compared to values from the nearest CCAM
grid point.

3.4 Forecast skill scores for the three regions

Forecast skill scores for rainfall are based upon www.
cawcr.gov.au/projects/verification/#Standard_verification_
methods, and are provided in the Appendix. Note that these
formulae are normally applied to short-term forecasts,
whereas the current study is a long-term climatic simula-
tion. The simulation presented here is forced by the ERA-
Interim analyses; it is expected that the day-to-day varia-
tions should match observations reasonably well, and thus
these statistics are a reasonable measure to use here.
However, it is not expected to produce values as accurate
as forecasts, since the model is not initialised every day.
The calculations are carried out for daily rainfall measured
at 12 UTC for both observed station rainfall and for
CCAM-simulated rainfall evaluated at the nearest grid
points. The skill score parameters used are accuracy (5),
bias (6), probability of detection (POD, 7), false alarm ratio
(FAR, 8), probability of false detection (POFD, 9), success
ratio (SR, 10), critical success index (CSI, 11) and equi-
table threat score (ETS, 12).

The validation is performed for daily rainfall at a range
of different thresholds: 1, 5, 10 and 20 mm day_l. Note
that 20 mm day " rainfall is around the 95th percentile for
the regions (not shown). The results are represented in
Table 2 for the three regions defined above. For the
1 mm day ™' threshold, CCAM forecast accuracy is 0.71
for North Vietnam, with 71 % of all forecasts correct for
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Table 2 Skill scores at different thresholds using observed station rainfall, with number in brackets representing the best scores that the model

could achieve

Accuracy (1) Bias (1) POD (1) FAR (0) POFD (0) SR (1) CSI (1) ETS (1)

1 mm day ™!

North 0.71 1.41 0.69 0.50 0.29 0.50 0.40 0.22

Central 0.66 1.54 0.75 0.51 0.38 0.49 0.42 0.19

South 0.65 1.49 0.67 0.53 0.37 0.47 0.38 0.16
5 mm day_1

North 0.80 1.09 0.47 0.55 0.12 0.45 0.29 0.20

Central 0.77 1.32 0.58 0.55 0.19 0.45 0.33 0.22

South 0.72 1.26 0.45 0.64 0.20 0.37 0.25 0.13
10 mm day™*

North 0.86 0.62 0.28 0.55 0.05 0.45 0.20 0.16

Central 0.83 1.03 0.45 0.56 0.10 0.44 0.28 0.21

South 0.80 0.97 0.29 0.69 0.10 0.33 0.17 0.10
20 mm day_1

North 0.92 0.41 0.17 0.58 0.02 0.42 0.13 0.11

Central 0.90 0.77 0.33 0.57 0.04 0.43 0.22 0.19

South 0.89 0.77 0.17 0.76 0.05 0.24 0.10 0.07

rainfall exceeding 1 mm day~'. The accuracy is slightly
less for Central (0.66) and South (0.65) Vietnam. The bias
is greater than 1, around 1.5 for all three regions, which
indicates that the simulation overestimates by about 50 %
the frequency of observed events. The fraction of events
correctly forecast is between 0.67 and 0.75 which is indi-
cated by POD. The false alarm ratio (FAR) is around 0.50
indicating that around 50 % of forecast events did not
occur. POFD is between 0.30 and 0.40 which indicates that
about 60-70 % of the observed non-events are correctly
forecasted. The success ratio (SR) is between 0.45 and 0.5,
implying that less than 50 % of forecast events are actually
observed. The occurrence of model forecast events which
correspond to the observed events is about 40 % (CSI),
whereas the occurrence of model forecast events account-
ing for random hits (ETS) is 20 % or less. Note that the
simulations presented here were initialised only at the start,
with the digital filter applied only for systems broader than
about 700 km, every 6 h. Therefore there is no forcing
provided at small scales from the reanalysis to capture the
local (station) rain events at exactly the right location or
time. In addition, the CCAM rainfall is extracted from the
nearest grid point to the observed station.

As the threshold value increases (which is equivalent to
forecast of heavy rainfall events), the accuracy increases
due to more days of correct negatives (not shown); correct
negatives are equivalent to rain days with less than the
threshold value. Similar to the accuracy, POFD is also
improved with increasing threshold due to increase in
correct negatives. The bias becomes less than one, which
means that the model under-forecasts the observed high-

intensity rainfall, in particular for North Vietnam. Other
skill scores such as CSI and ETS are degraded with
increasing thresholds due to a decrease in hit rates and
increase in miss rates and false alarm rates (not shown).
The ratio of hit rates to miss rates decreases faster than the
ratio of hit rates to the false alarm rates as the threshold
increases. This confirms that CCAM reproduces observed
light rainfall better than heavy rainfall events. It also sug-
gests that CCAM has more difficulty capturing the exact
timing of the rare heavier-rainfall events.

In order to test the ability of the model to capture longer-
term heavy rainfall events, 3-day and 5-day running means
were applied to both the time-series of the observed station
data and the nearest model grid point prior to the calcu-
lation of the skill score. Both the 10 and 20 mm thresholds
were evaluated for the SR, CSI and ETS. While complete
results are not presented here, the results from the 5-day
running means show that at the 10 mm threshold there is
10-30 % improvement to all three skill scores for all
regions, with the Central region the most improved. At the
20 mm threshold, there is improvement for the Central
region by 20-30 % for the three skill scores. However the
three skill scores are degraded for the North and South
Vietnam regions.

3.5 Temporal verification of CCAM performance
3.5.1 Inter-annual variability

This validation is based on the time series of the wet and
dry seasonal means. There are 23 years for the wet
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Fig. 11 Temporal standard
deviation (mm day_l) of the
wet (fop) and dry (lower) season
rainfall for the period
1979-2001 with observed
APHRODITE (left) and CCAM
(right)

APHRODITE

TEMPORAL STANDARD DEVIATION OF RAINFALL

APR-SEP CCAM

0CT-MAR

seasons (April to September); there are 22 years for the
dry seasons (October—March) for the period from 1979 to
2001. CCAM should be able to reasonably capture tem-
poral variability of the observed rainfall patterns at the
seasonal and annual time scales due to the large-scale
6-hourly forcing from the ERA-Interim analyses. The
temporal standard deviation of the wet and dry season
mean rainfall for the period 1979-2001 was computed
and is shown in Fig. 11 for APHRODITE analyses (left)
and the CCAM simulation (right). In general, CCAM
simulates the pattern of variability quite well. The year to
year variation of rainfall in both the observations and the
CCAM simulation is around 2-3 mm day~' and the
largest variation is along the coast. However, CCAM
overestimates this variation along the east coast of the
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Gulf of Thailand and for South Vietnam compared to the
observations in the wet season.

3.5.2 Temporal correlation

The temporal correlation of CCAM rainfall and APHRO-
DITE rainfall for 23(22) wet (dry) seasons is shown in
Fig. 12, with significance levels above 95 % shaded. Over
Vietnam, southeast China and Thailand, CCAM is skilful
in reproducing the inter-annual rainfall variability for the
dry season (right panel), with a large area having correla-
tion coefficients above 0.6. In the wet season (left panel)
CCAM shows some skill in capturing this rainfall feature
over the northern part of Central (north of 16°N) to North
Vietnam, southeast China and most of Laos. However, it
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Fig. 12 Temporal correlation
with APHRODITE rainfall for
the wet (left) and dry (right)

APR-SEP

TEMPORAL CORRELATION OF RAINFALL
O0CT-MAR

seasons at 95 % significance for
the period 1979-2001

Fig. 13 Root mean square error
(RMSE) of CCAM against
APHRODITE daily rainfall for
the wet (left) and dry (right)
seasons

has no skill for temporal correlation over Thailand, Cam-
bodia, and Vietnam south of 16°N, i.e. the southern part of
Central Vietnam down to South Vietnam.

3.5.3 Root mean square error (RMSE) of temporal
distribution of rainfall

Temporal RMSE is shown in Fig. 13 for the mean rainfall
of the wet/dry seasons. The RMSE value is from 1 to

mm/day

5 mm day " In general, the patterns of RMSE are similar
to those in the biases above (Fig. 6), with the largest errors
in the wet season. For the dry season, the errors are along
the eastern side of the Truong Son range. The mean
absolute error (MAE) is also studied (not shown) where it
has similar magnitude and pattern to that of RMSE.

In summary, from the analysis of Figs. 6 and 13, CCAM
overestimates the APHRODITE rainfall on the windward
side of the high terrain, where rainfall is strongly related to
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Fig. 14 Temporal correlation
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the interaction between winds and elevation. On exami-
nation, most of the simulated rainfall is found to be (per-
haps excessively) large-scale in this region, and this
probably leads to CCAM providing too-strong feedback to
the vertical velocities upwind of orography.

3.5.4 Temporal verification for subregions

In Vietnam, the characteristic climate is different for the
North and South regions compared to the Central region,
which has more complex orography (Fig. la). From
Figs. 8, 9, and 10 above, the wet and dry seasons are dis-
tinct for North and South Vietnam, but not for the Central
region. At some locations (Hue, Aluoi, Namdong, Danang,
Tramy, Quangngai and Bato) in Central Vietnam, rainfall
in the dry seasons is even larger than in the wet seasons,
due to tropical cyclones, ITCZ and winter monsoon. Fur-
ther investigation into CCAM performance in capturing
temporal variation of daily rainfall over the three subre-
gions is made by computing the temporal standard devia-
tion and temporal correlation. The three subregions are
North Vietnam (104-110°E and 19.5-25°N), Central
Vietnam (106—-110°E and 12-19°N) and South Vietnam
(104-110°E and 8-11.5°N). This validation is based on
each region’s area-averaged daily rainfall from the
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APHRODITE analysis and the CCAM simulations only
over land. There are three reasons for using APHRODITE
daily rainfall instead of the observed station daily rainfall.
From the above study for the three regions in Vietnam, we
see that APHRODITE reproduces well the observed station
rainfall, except for a few stations in Central Vietnam and
one station over North Vietnam. Secondly, there are days
with missing data in the observed station daily rainfall.
Thirdly, this Section mainly investigates the temporal
variability of daily rainfall not the rainfall amount. For the
remainder of this study, we only use APHRODITE rainfall.
The calculation is carried out for each year, for the period
1979-2001, with the results shown in Fig. 14.

From Fig. 14, we see that CCAM performs well in
North (black line) and Central (red line) Vietnam, with
temporal correlation (upper panel) of 0.7-0.8 except for
1993 and 2001, where the correlation for Central Vietnam
drops to 0.6 and 0.63, respectively. CCAM also captures
well the temporal standard deviation of the observed
(dashed line, lower panel) rainfall over these two regions
(with slight underestimation of rainfall in North Vietnam),
where the daily rainfall variation is around 5-6 mm day '
for North Vietnam and 6-8 mm day~' for Central Viet-
nam. However, in South Vietnam, CCAM performs poorly
with temporal correlation coefficient between 0.5 and 0.6;
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Fig. 15 Log-log plot of 4
number of days with rainfall
sorted into bins with a bin width

North

Central

of 5 mm day’l for the three
subregions: north (fop left),

central (top right) and south
(bottom left). Solid line is the
perfect-fit line, dashed line is a

linear fit through the data points,
with the equations and

LOG (RAIN DAYS) IN CCAM
N

y=1.0714x - 0.3072

y =0.979x + 0.0396
R2=|0.965

LOG (RAIN DAYS) IN CCAM

R2=(0.9724

coefficient of determination 0 ’ |
(Rz) for each line of the three 1 2
subregions shown. The data

point at the top right corner in

LOG(RAIN DAYS) IN APHRODITE

‘

3 4 1 2 3 4
LOG (RAIN DAYS) IN APHRODITE

each plot represents the lowest

rainfall bin 0-5 mm day ", the

next data point represents bin

'S

South

w

5-10 mm day ™" and so on. The
size of the circle corresponds to

the bin range. Therefore heavy
rainfall bins are located near the
lower left corner, such as green

(50-55 mm day™ "), olive

(55-60 mm day "), light blue
(60-65 mm day™") and dark _
brown (65 mm day™' and 1 2
above)

LOG (RAIN DAYS) IN CCAM
\
A
\
\
&

CCAM performs worst for 1980, 1986 and 1999, where the
correlation coefficients are only around 0.4. This poor
performance is also reflected in the temporal standard
deviation (blue solid and dashed lines in the lower panel),
where CCAM overestimates the day to day variation of
observed rainfall by about 3 mm day~' for years from
1985 to 1995, which are mostly neutral and El Nifio years;
worst is nearly 5 mm day~' in 1980, which is a neutral
year (based on www.cpc.ncep.noaa.gov/products/analysis_
monitoring/ensostuff/ensoyears.shtml). This result for the
subregion in South Vietnam is consistent with the findings
in Figs. 6, 11 and 13 above.

Next we study the probability density function (PDF) of
rain days over the three subregions described in Fig. 14.
The number of rain days is sorted into 5 mm day ™' bins.
The distribution for rain days sorted into bins is plotted in
Fig. 15 on a log—log scale, where the horizontal axis rep-
resents the APHRODITE data and the vertical axis repre-
sents CCAM data. The solid line is the perfect fitted line,
the dashed line is the line fitted through the data points. The
closer the solid and the dashed line, the better the agree-
ment between CCAM and APHRODITE. If the dashed line
is below/above the solid line, then CCAM under/overesti-
mates APHRODITE. Each plot shows the equation and the
coefficient of determination R? used to describe the dashed
line; the closer R? is to 1, the better the dashed line rep-
resents the data points. CCAM performs exceptionally well
for Central Vietnam, where the solid line and the dashed
line are indistinguishable. There is only one outlier (point
on the horizontal axis) and R? is 0.965, very close to 1.

y =0.7258x +0.8311

R2= ;o.sass

3 4

LOG (RAIN DAYS) IN APHRODITE

CCAM also performs well for North Vietnam. It slightly
underestimates APHRODITE, with the solid and dashed
lines close together for bins of a lower rainfall rate. The
rainfall over North Vietnam is well represented by the
dashed line (R* = 0.972). CCAM does not perform as well
for South Vietnam where it overestimates (the dashed line
is above the solid line) APHRODITE for the high rainfall
bin above 25 mm day~'. Note that some data points lie on
the vertical axis implying that there is no corresponding
observed bin; in other words the model overestimates the
observations for heavy rainfall days for South Vietnam.

Note that the rainfall over Central Vietnam is dominated
by the dry season (Fig. 5). In turn its rainfall is largely due
to tropical cyclones and cold surges (Chen et al. 2012;
Yokoi and Matsumoto 2008). Combining these PDF results
and the forecast skill results discussed in Sect. 3.4 above, it
tends to suggest that CCAM has some ability to simulate
the mean heavy rainfall amounts for Central and to some
extend North Vietnam but not the day to day variability of
heavy rainfall.

3.5.5 EIl Niio-Southern Oscillation (ENSO)

ENSO plays an important role in Vietnam climate (Yen
etal.2011; Phan 2002) owing to the eastern side of Vietnam
being adjacent to the western North Pacific. Classification
of warm, cold and neutral seasons is based on the Nino 3.4
index published in www.cpc.ncep.noaa.gov/products/
analysis_monitoring/ensostuff/ensoyears.shtml. For wet
seasons, Nino 3.4 indices are used from April-May—June
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Table 3 Years with El Nifio and La Nifia for the wet and dry seasons
during the period 1979-2001

RAINFALL ANOMALY FOR DRY SEASON

APHRODITE NEUTRAL ccaM

Wet season Dry season
El Nifio 1982, 1986, 1979/80, 1982/83, 1986/87, 1987/88,
1987,1991, 1997 1991/92, 1994/95, 1997/98
La Nifia 1984, 1985, 1988, 1983/84, 1984/85, 1988/89, 1995/96,

1998, 1999, 2000 1998/99, 1999/2000, 2000/01

RAINFALL ANOMALY FOR WET SEASON

APHRODITE NEUTRAL ccaM

i

Fig. 16 Anomalous rainfall (mm day™') for the wet season under
different ENSO phases: neutral (fop), El Nifio (middle) and La Nifia
(lower), with observed APHRODITE (left) and CCAM (right). The
anomaly is defined as the rainfall difference between the ENSO mean
rainfall and the climatological rainfall of the corresponding season

(AMJ), May—-June—July (MJJ), June—July—August (JJA)
and July—August—September (JAS). For dry seasons,
Nino 3.4 indices are used from October—November—
December (OND), November—-December—January (NDJ),
December—January—February (DJF), January—February—
March (JFM). Note that January, February and March are
from the following year. The season is classified as El
Nifio (La Nifia) when 67 % Nino 3.4 indices of the season
are at least 0.5 °C above (below) normal. The neutral
season occurs when all Nino 3.4 indices of the season are
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Fig. 17 As in Fig. 16 but for the dry season

between —0.5 and +0.5 °C. More details can be found in
the above website. For the studied period from 1979 to
2001 (see Table 3), the wet season had six La Nifias and
five El Ninos, while during the dry season there were
seven La Nifnas and seven El Nifios.

The impact of ENSO on rainfall from APHRODITE and
the CCAM simulation is shown in Figs. 16 and 17 for the
wet and dry seasons, respectively. The anomaly is the
deviation from the climatological mean for the period
1979-2001 of the corresponding season. In the wet season
(Apr-Sep, Fig. 16), the near-surface wind entering the
region is from the southeast (see Fig. 2). The influence of
ENSO on the rainfall is more evident over Thailand, Laos
and Cambodia, with a deficiency in El Nifio years (Fig. 16
middle panel) and more rainfall in La Nifia years (Fig. 16
lower panel). Along the east coast of Vietnam, there is not
much difference between the two ENSO phases.

In the neutral years (Fig. 16 top panels), the rainfall is
enhanced over northern Vietnam, which CCAM slightly
underestimates (Fig. 16 top panel and right). CCAM does
not reproduce the drier (wetter) conditions over Thailand in
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El Nifio (La Nifa) years, which may relate to deficiencies
in the simulation of the impact of ENSO on the south-
westerly monsoon in this region. In south-central regions of
Vietnam, CCAM and APHRODITE also disagree on the
sign of the changes during El Nifio years (middle panels in
Fig. 16), with CCAM producing wetter conditions,
whereas APHRODITE produces drier conditions. A check
was carried out against seven observed stations shown in
Fig. 1b for the south-central Vietnam region. For El Nifio
years (Table 3), average rainfall anomaly for these stations
is +0.11 mm dayfl, which is consistent with above-nor-
mal rainfall in CCAM (middle-right panel in Fig. 16).
Also, La Nifa years for the northwest region of Vietnam,
CCAM (anomalies of —0.5 to —1 mm day ') are less
dry than in APHRODITE (anomalies of —1.2 to
—1.6 mm day_l). However, the rainfall anomalies for the
two stations in this region are —0.28 and —0.91 mm day ™",
which are more similar to CCAM than APHRODITE.

In the dry season (Fig. 17), when the wind is coming
from the western Pacific (Fig. 2, lower panel) the influence
of ENSO is more evident along the east coast of Vietnam,
where there is less rainfall in El Nifio years and more
rainfall in La Nifia years and small changes in the neutral
years compared to normal seasons. CCAM captures this
behaviour quite well for all the ENSO conditions.

The rainfall pattern correlation for the ENSO phases is
low in the wet season, with values of 0.26 for neutral, 0.27
for El Nifio and 0.17 for La Nifia years, mainly because the
rainfall has small-scale variations which are poorly cap-
tured by the model. The rainfall pattern correlation is
greater in the dry season, especially for El Nifio and La
Nifa years, with values of 0.29 for neutral, 0.62 for El Nifio
and 0.56 for La Nifa years, because rainfall in the dry
season is influenced by the large-scale variations which are
better simulated by the model than in the wet season. In
general, CCAM tends to under- (over-) estimate rainfall
from APHRODITE in neutral (El Nifio) years for northern
Vietnam during the wet season.

4 Conclusions

We completed a CCAM simulation for the current climate
over Vietnam with large-scale forcing from ERA-Interim
reanalysis for the period 1979-2001. A scale-selective
digital filter was used to force the winds, temperature and
sea-level pressure for length scales greater than about
700 km. The first two variables were forced for levels
above terrain-following pressure-sigma values of 0.9. The
mean 10 m wind speed was compared with that of ERA-
Interim. In general, CCAM 10 m wind speed is stronger in
both wet and dry seasons. The error is largest along the east

coast of Vietnam and over SCS/EVS in the wet season, and
this bias is slightly less in the dry season.

The long-term CCAM mean rainfall for Vietnam for the
two seasons (wet and dry) was compared with observed
APHRODITE and station data sets. CCAM reasonably
simulates the APHRODITE rainfall in the dry seasons but
it overestimates APHRODITE rainfall in the wet seasons.
Also CCAM simulates good rainfall patterns in North and
Central Vietnam, but overestimates rainfall in South
Vietnam. Consequently, the CCAM bias/RMSE is largest
over South Vietnam and along the east coast in the wet
season; the large error is also reflected in the daily rainfall
PDF for South Vietnam rainfall, with a greater number of
heavy rain days produced by CCAM compared to APH-
RODITE. An insignificant bias/RMSE is simulated by
CCAM in the dry seasons, except at some elevated stations
on the east coast of the Truong Son Range.

Conformal Cubic Atmospheric Model is skilful in sim-
ulating daily rainfall at station locations, for a rainfall rate
threshold of 1 mm day~'. However its skill is degraded for
high-rainfall-rate thresholds such as 10 and 20 mm day "
The results imply that CCAM has difficulty in simulating
day-to-day heavy rainfall amounts. However it has some
skill in capturing the mean conditions of the heavy rainfall
amounts, at least for Central Vietnam and to some extent
for North Vietnam.

The inter-annual variability of rainfall patterns is better
simulated by CCAM in the dry seasons; it appears to have
some difficulty in capturing the ENSO rainfall patterns for
the wet seasons.

This validation provides an understanding of the capa-
bilities of CCAM in regard to simulation of rainfall over
Vietnam, when the simulation is forced by large-scale
features of the ERA-Interim reanalysis. It is to be expected
that the skill will be less for climate-change simulations
where reanalysis forcing is no longer available.

Acknowledgments The authors would like to thank Ha Noi Uni-
versity of Science (HUS) and the Institute of Meteorology, Hydrology
and Environment (IMHEN) for providing observed station data. The
authors are also indebted to the two reviewers for their critical sug-
gestions toward improvements of the manuscript. This project was
funded by the CSIRO-AusAid Alliance to produce high-resolution
downscaled future-climate data sets for Vietnam.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-

tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.

Appendix

The spatial or temporal verification statistics are defined as
follows:
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Root mean square error is defined as

where O;and P;are observed mean and model mean.
Mean absolute error is defined as

N
MAE =N""Y "|o; — pil. (2)

i=1

Correlation coefficient is defined as

b= >_i(0i —0)(pi — p)
2 2’
\/Zi(oi—o) \/Zi(Pi—P)
where i refers to either time or space and oand pare

observed and model means.
Index of agreement is defined as:

N 2
> i1 (0i — pi)
SV (Ipi — o + |oi — 0])?

where i may be either spatial or temporal.

For categorical forecasts (http://www.cawcr.gov.au/
projects/verification/#Standard_verification_methods), the
verification statistics used are defined as follows:

(3)

10A=1— (4)

hits 4 correct negatives
total

(5)

The accuracy values range from 0 to 1, with perfect
score 1.
Bias score

Accuracy =

bids — hits —|— false .alarms' ()
hits + misses

The bias score values range from 0 to infinity, with
perfect score 1, where hit is defined as an event forecast to
occur, and did occur. Correct negative is an event forecast
not to occur and it did not occur. False alarm is an event
forecast to occur, but it did not occur. Miss is an event
forecast not to occur, but it did occur.

Probability of detection (POD)
pop— M5 (7)

hits 4+ misses

The POD values range from 0 to 1, with perfect score 1.

False alarm rate (FAR)

FAR false alarms

(3)

= hits + false alarms”

The FAR values range from O to 1, with perfect score 0.
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Probability of false detection (POFD)

POFD — false alarms

©)

correct negatives + false alarms’

The POFD values range from O to 1, with perfect score

0.
Success ratio (SR)
hit.
_— 1 . (10)
hits + false alarms
The SR values range from 0O to 1, with perfect score 1.
Threat score (TS) or critical success index (CSI)
hit.
csi = (11)

= hits + misses + false alarms

The CSI values range from O to 1, with perfect score 1.
Equitable threat score (ETS)

hits — hit, random
ETS = 15— lrand . (12)

hits 4+ misses + flase alarms — hits andom

where

(hits 4+ misses)(hits + false alarms)
total ’

(13)

The ETS values range from O to 1, with perfect score 1.

hitsrandum =
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