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This numerical weather prediction study investigates the effects of data assimilation and ensemble prediction on the forecast
accuracy of moderate and heavy rainfall over New Zealand. In order to ascertain the optimal implementation of state-of-the-art
3Dvar and 4Dvar data assimilation techniques, 12 different experiments have been conducted for the period from 13 September to
18 October 2010 using the New Zealand limited area model. Verification has shown that an ensemble based on these experiments
outperforms all of the individual members using a variety of metrics. In addition, the rainfall occurrence probability derived
from the ensemble is a good predictor of heavy rainfall. Mountains significantly affect the performance of this ensemble which
provides better forecasts of heavy rainfall over the South Island than over the North Island. Analysis suggests that underestimation
of orographic lifting due to the relatively low resolution of the model (∼12 km) is a factor leading to this variability in heavy rainfall
forecast skill.This study indicates that regional ensemble prediction with a suitably finemodel resolution (≤5 km) would be a useful
tool for forecasting heavy rainfall over New Zealand.

1. Introduction

The initial conditions of a numerical weather prediction
(NWP) forecast are usually generated by data assimilation, a
procedure statistically combining observations and a model
forecast and utilising their respective error information to
create an optimum estimate of the true atmospheric state
compatible with the forecast model in use. Uncertainty and
errors are unavoidable in the initial conditions of an NWP
due tometeorological equipment errors, sampling errors, and
data assimilation errors, and so forth. Ensemble forecasts
have been used for some 20 years at major meteorological
prediction centres to explore the impact of these uncertainties
in the atmospheric initial conditions (and other boundary
conditions) on NWP. Several methodologies have been used
to establish the global ensemble systems (GES) including
those based on the leading singular vectors of the operator
[1, 2], bred vectors [3, 4], the Monte Carlo method [5], and
the Monte Carlo based ensemble Kalman filter [6].

The spatial resolution of currently operational GES is low
(e.g., ∼32 km for the current operational ECMWF ensemble
system). Many small scale processes in the atmosphere

and the underlying surface and small scale mountains that
significantly affect the evolution and development of severe
weather are not resolved by GES. Regional ensemble systems
(RES) were thus established. The resolution of RES differs.
Some have very high resolutions so that supercell storms and
convections can be resolved (e.g., [7–9]).The way to initialize
a RES also differs. Some RESs are initialized from a GES.
Some RESs randomly sample the climatological uncertainties
of the initial state [10]. Others derive random perturbations
from the background error statistics of an existing 3D/4Dvar
system (e.g., [11–13]). Some RESs use different model physics
and different global deterministic model outputs to generate
members (e.g., [14, 15]). Some use different regional model
outputs called multimodel ensemble [16]. For heavy rainfall
forecasts, RES has shown higher forecasting skills than GES
(e.g., [14, 17, 18]).

New Zealand lies in the midlatitude southwest Pacific,
surrounded by ocean. The two main islands are North Island
and South Island. North Island (Figure 1(a)) has a “spine”
of mountain ranges extending from the middle, with gentle
rolling farmland on both sides.The South Island is dominated
by mountain ranges running its entire length. The main
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Figure 1: Total rainfall amount (mm) and mean surface wind
vectors (m s−1) of 35 days from 13 Sept to 18 Oct 2010 for the
ensemble mean. The 630 sites with daily rainfall observations used
in this study are denoted with open dots.Thin solid lines denote the
model terrain contours of 500m interval. Note the different scales
for the two rainfall labels.

mountain range with a southwest to northeast orientation
is known as the Southern Alps (Figure 1(b)). Under the
prevailing midlatitude westerly winds, the western region of
New Zealand is generally the windward side and the eastern
region is the lee side.

Rainfall amount is much higher over land areas than
over the nearby sea because of orographic lifting (Figure 1).
Overall, much more rainfall occurs in the western area of
the South Island than on other areas of the country, because

of orographic lifting of more consistent westerly airflows
and more uniform mountains. Heavy rainfall often leads
to severe flooding and landslides in New Zealand. Thus, a
reliable heavy rainfall prediction is of great importance but
still a big challenge, largely due to the open seas surrounding
the small island country with sparse ground-based/surface
observations and rawinsondes. To overcome the problem of
lack ofmeteorological observations forNewZealand, satellite
data have been widely used in a regional 3Dvar system
based on the New Zealand limited area model (NZLAM,
[19, 20]) for a 48-hour NWP in New Zealand.This has shown
improvements [21].

4Dvar has been implemented at some major meteorolog-
ical centres (e.g., Met Office and ECMWF) to replace 3Dvar.
Their verification statistics show an overall higher forecasting
skill for 4Dvar (e.g., [22]). Recently an experimental regional
4Dvar for NZLAM has been set up from the UK Met Office
VAR codes. To compare the impact on the forecasts of the
3Dvar and 4Dvar data assimilation methods, to tune the
4Dvar for the best possible result, and to test the impact of
new observation types (e.g., surface marine observations) on
both analysis methods, 12 numerical experiments based on
NZLAM were conducted over the period of 35 days from
13 September to 18 October 2010 (Table 1). Each experiment
differs in either the analysis system, or system configuration,
or the surface and satellite data assimilated.

In this study, a temporary RES was created by combining
12 experiments originally intended to compare the impact
of the 3Dvar and 4Dvar techniques on the skill of NZLAM
forecasts. Although the principal behind this ensemble is sim-
ilar to ensemble systems which use different model physics
or/and different regional/global deterministic model outputs
[14–16], members of this ensemble system employed the
state-of-the-art 3Dvar and 4Dvar techniques in assimilating
satellite data [22]. To our knowledge, this is the first attempt
at predicting heavy rainfall in New Zealand using a RES.

The objective of this study is to investigate the effect
of data assimilation and ensemble method on moderate
and heavy rainfall prediction over New Zealand. Of par-
ticular interest is how mountains affect the performance of
a RES in prediction of moderate and heavy rainfall and
therefore the suitable model resolution for a RES over New
Zealand. Following the introduction, the modelling system
and methodology are described in Section 2. Two heavy
rainfall cases forecasted by this RES are described in Section 3.
Statistical analysis regarding the performance of this RES is
presented in Section 4.The effect of mountains on this RES is
discussed in Section 5. Finally a short conclusion is given in
the last section.

2. Description of the Modelling
System and Methodology

All the simulations in this study were made by using the
NZLAM, a regional configuration of the Met Office’s Unified
Model (UM, [23]). The UM has a nonhydrostatic, fully
compressible formulation of the Navier-Stokes equations
using a terrain following, height-based vertical coordinate.
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Table 1: Description of the 12 ensemble members used in this study.

Member
names Description

3Dvar
3D analysis of surface (including buoys; land synops; ship synops and scatterometer winds), aircraft and radiosondes,
AMSU-A, and AMSU-B from the NOAA-15 and NOAA-16 satellites. Half resolution of the model for the analysis grid
(0.22 degrees).

3Dcli As 3Dvar but also analyse additional surface observations at climate stations in New Zealand.
3Dclim As 3Dcli but also analyse surface marine observations.
3DclimB As 3Dclim but uses satellite radiance bias corrections calculated from the 3dclim run.

3DclimC As 3DclimB but with increased satellite-derived atmospheric motion vectors (AMV) usage through modified
thinning.

4Dvar11 As 3Dvar but for 4Dvar with analysis grid resolution the same as the model (0.11 degrees).
4D11a As 4dvar11 but exclude scales <50 km during analysis.
4D11b As 4dvar11 but exclude scales <100 km during analysis.
4Dcli As 4D11a but also analyse additional surface observations at climate stations in New Zealand.
4Dclim As 4Dcli but also analyse surface marine observations.
4DclimB As 4Dclim but uses satellite radiance bias corrections calculated from the 4dclim run.
4DclimC As 4DclimB but with increased AMV usage through modified thinning.

It employs a horizontally staggered Arakawa C-grid and a
vertically staggered Charney-Phillips grid; semi-Lagrangian
advection for all prognostic variables, except density, with
conservative and monotone treatment of tracers; predictor-
corrector implementation of a two-time-level, semi-implicit
time integration scheme; and three-dimensional iterative
solution of a variable-coefficient elliptic equation for the
pressure increment at each time step (see [23, 24] for detailed
descriptions). The NZLAM has 324 by 324 horizontal grid
pointswith a horizontal grid spacing of 0.11∘ (about 12 km, [19,
20]) and 70 levels in the vertical, with the model top at about
39 km.The highest vertical resolution is near the ground such
that 20 levels span the lowest 2 kmof the atmosphere. A global
run provided the same lateral boundary conditions for all the
ensemble simulations.

All the experiments were classified as two groups with
initializations based on 3Dvar (five members) and 4Dvar
(seven members), respectively (Table 1). The former uses an
incremental 3Dvar FGAT (first guess at appropriate time)
analysis scheme [25]. The latter is based on the former
with many aspects kept in common and is provided by the
introduction of a linear perturbation forecast model and
its adjoint [22]. In both schemes, a transform (including a
parameter transform, a vertical transform, and a horizontal
transform) is implemented to provide an implicit representa-
tion of the background error covariance and a practical and
easy method of preconditioning the analysis minimisation
problem. For the five 3Dvar-based members, the analysis
resolution used (0.22 degrees) is half the model resolution,
whilst, for the seven 4Dvar-based members, the resolution
is the same as the model resolution (Other experiments, not
presented here, have shown that using full or half resolution
analysis increments for 3Dvar makes very little difference to
the verification scores against observations for forecasts out
to T+48; however, using lower resolution analysis increments
for 4dvar significantly reduces forecast skill.) (Table 1).

The vertical transform uses zonal and seasonal average
statistics to produce two-dimensional empirical modes. The
horizontal transform can also be used as a filter, to remove
small scale modes from each horizontal field. Following the
ideas of Cullen [26] we used this to exclude scales smaller
than 50 km for 4D11a and smaller than 100 km for 4D11b,
4Dcli, 4Dclim, 4DclimB, and 4DclimC. Both 3D and 4Dvar
performed a 6 hourly data assimilation cycle throughout
the study period. After 0000 UT on 13 September 2010 (the
initial time for each experiment), the background used for
the analysis for each experiment differed to some extent. 48-
hour forecasts weremade following the 0000, 0600, 1200, and
1800UT analyses for each experiment each day and simulated
fields were saved hourly.

The ensemble mean was calculated with an equal weight
for each member. In addition to root mean square errors
(RMSE) and mean errors (ME), categorical forecasts at
the two thresholds were examined using the performance
diagram [27] and relative operating characteristic (ROC)
diagram. The performance diagram plots the hit rate (𝐻)
against the success ratio (1 − FAR, the false alarm ratio)
and allows the bias and critical success index (CSI) to be
read directly. The ROC diagram plots the hit rate against
the false alarm rate (𝐹) from which it is easier to deduce
base rate independent performancemetrics such as the Peirce
skill score (PSS) or symmetric extreme dependence index
(SEDI). The latter measure is useful for rare events as it is
nondegenerate [28]. Definitions for these categorical metrics
are given in Table 2.

In the following calculation and analysis, all four forecasts
on each day for each member during the 35 days were used.
For each forecast, the forecast rainfall was chosen to match
the observations in time. The rainfall forecast at the four
grid points surrounding an observation site was linearly
interpolated onto that site using distance as the weighting
factor.
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Table 2: Categorical measures used in this study along with their definitions based on a binary truth table, where 𝑎 is the number of events
which were forecast correctly, 𝑐 the number of observed events not forecast, 𝑏 the number of nonevents incorrectly forecast, and 𝑑 the number
of nonevents correctly forecast.

Metric Formula Range

Frequency bias Bias = 𝑎 + 𝑏
𝑎 + 𝑐

0 to∞ (perfect: 1)

Hit rate 𝐻 =

𝑎

𝑎 + 𝑐

0 to 1 (perfect: 1)

False alarm rate 𝐹 =

𝑏

𝑏 + 𝑑

0 to 1 (perfect: 0)

False alarm ratio FAR = 𝑏
𝑎 + 𝑏

0 to 1 (perfect: 0)

Critical success index CSI = 𝑎

𝑎 + 𝑏 + 𝑐

0 to 1 (perfect: 1)

Peirce skill score PSS = 𝑎𝑑 − 𝑏𝑐
(𝑏 + 𝑑)(𝑎 + 𝑐)

−1 to 1 (perfect: 1)

Symmetric extremal dependence index SEDI = ln𝐹 − ln𝐻 + ln (1 − 𝐻) − ln (1 − 𝐹)
ln𝐹 + ln𝐻 + ln (1 − 𝐻) + ln (1 − 𝐹)

−1 to 1 (perfect: 1)

3. Two Heavy Rainfall Cases

Daily rainfall analysis with 0.05-degree resolution over New
Zealand land surface is available at the National Institute of
Water and Atmosphere Research (NIWA) derived using the
second order derivative trivariate thin plate smoothing spline
spatial interpolation model (http://www.maths.anu.edu.au/
research/projects/thin-plate-splines). These data may have
some errors and uncertainties in mountainous areas with
sparse observations, but they are the best high resolution
grid point rainfall data over New Zealand. These data are
compared with forecasted rainfall by the ensemble for two
heavy rainfall cases.

For Case 1, a subtropical cyclone with a tropical origin
moved southeastward and approached the nearby sea to
the northeast of the North Island in the early morning of
13 October 2010 (Figure 2(a)). A warm front (denoted by
“WARM F”) associated with the cyclone moved southwest-
ward in the northeasterly winds of the cyclone. Ahead of
the warm front were southeasterly winds. The warm front
reached the southeast coastal region of the North Island on
the morning of 13 October. Orographic lifting of the strong
southeasterly winds (10–15m s−1 surface winds at a coastal
station) ahead of the warm front enhanced vertical motion
in the frontal rainband. This led to very heavy rainfall in
a broad area of the southeast North Island (Figure 3(a)).
The rainfall analysis showed a rainband with four rainfall
maximum centers from northeast to southwest. At some
locations, the observed 24-hour rainfall at 0900 NZST on
the 14 October was about 190mm. Figure 3(c) shows the
24-hour rainfall forecast by the ensemble mean using equal
weight. Most of the heavy rainfall areas were captured by the
ensemble mean. However, the ensemble missed two of the
four rainfall maximum centers: the southernmost one and
the one in the middle of the rainband. For the two rainfall
maximum centers captured by the ensemble, the maximum
was 25–50mm lower than observations. The terrain data
in Figure 3(a) with a resolution of roughly 5 km, much
higher than the model terrain (Figure 3(c), roughly 12 km

resolution), can describe smaller mountains. For example, a
small mountain is shown in Figure 3(a) associated with the
southernmost rainfall maximum center, but not shown by the
model terrain (Figure 3(c)). The mountain corresponding to
the rainfall maximum center in the middle of the rainband
(Figure 3(a)) is more pronounced and higher than that in the
model terrain (Figure 3(c)). For this heavy rainfall case, the
convective available potential energy (CAPE) was very small
(<100 J kg−1), implying a very weak contribution from con-
vective rainfall and a correspondingly stronger orographic
component. It appears that the underestimation of the heavy
rainfall by the ensemble is partly due to the relatively low
resolution of themodel, which underestimates the orographic
lifting. This will be further analysed in Sections 4.2 and 5.

The forecast occurrence of daily rainfall greater than
50mm with probability higher than 0.6 (Figure 4(c)) cap-
tured most of the areas with observed daily rainfall greater
than 50mm (Figure 4(a)). Most of the areas in the southeast
of the North Island had a daily rainfall greater than 100mm
for this heavy rainfall case (Figure 4(b)). However, less than
half of these areas were forecast to get greater than 100mm
with occurrence probability higher than 0.6 (Figure 4(d)) by
the ensemble. This is due to the underestimation of rainfall
by the model.

For Case 2, on 28 September 2010, an eastward moving
midlatitude cyclone was over the sea to the southwest of the
South Island (Figure 2(b)). The westerly winds associated
with the cyclone advected the cold front (denoted by “COLD
F”) eastward. Ahead of the cold front were northwesterly
winds. When the cold front reached the South Island, oro-
graphic lifting and island blocking of the strong northwesterly
and westerly winds around the front enhanced the vertical
motion in the associated rainband, leading to heavy rainfall
on the windward (western) areas of the South Island on that
day (Figure 3(b)). The ensemble mean generally forecast well
the heavy rainfall amount and distribution, except that it
missed the heavy rainfall at the southern end of the rainband
(Figure 3(d)). The ensemble based forecast occurrence of
daily rainfall greater than 50mm with probability higher
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Figure 2: Surface analysis by MetService New Zealand at (a) 0000 NZST 13 October 2010 and (b) 1800 NZST 28 September. “WARM F”
in (a) points to the warm front and “COLD F” in (b) points to the cold front. New Zealand lies in the middle of each diagram. Curtesy to
MetService New Zealand.
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Figure 3: 24-hour rainfall amount (mm) valid at (a) 0900 NZST 14 October 2010 and (b) 0900 NZST 29 September from NIWA 0.05-degree
grid point rainfall analysis. Simulated 24-hour rainfall amount valid at (c) 0900 NZST 14 October 2010 and (d) 0900 NZST 29 September
from the ensemble mean (MM) forecasts with analysis at 0006 NZST. Thin solid lines denote terrain contours with a 250-meter interval.
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Figure 4: 24-hour rainfall amount (mm) valid at 0900NZST 14October 2010 greater than 50mm (a) and 100mm (b) fromNIWA0.05-degree
grid point rainfall analysis. Occurrence probability higher than 0.6 for the corresponding forecasted 24-hour rainfall greater than 50mm (c)
and 100mm (d) with analysis at 0600 NZST. Thin solid lines denote terrain contours with a 250-meter interval.

than 0.6, a large area on the windward side of the South
Island (Figure 5(c)), corresponded well to most of the areas
with observed daily rainfall greater than 50mm (Figure 5(a)).
Observed daily rainfall greater than 100mm occurred only
over a small area on the windward side (Figure 5(b), the small
shading area in the circle). The ensemble based forecast of
daily rainfall amount greater than 100mm with probability
equal to 0.6 also showed a small area (Figure 5(d), the shading
area in the circle) close to that in Figure 5(b).

These analyses suggest that probability of greater than 0.6
of occurrence of rainfall greater than some threshold from
the ensemble is a good predictor for heavy rainfall in New
Zealand. Compared with Case 1, the ensemble performed
better for Case 2, especially for daily rainfall greater than
100mm. In fact, using the 0.05-degree grid point rainfall
analysis, the RMSE of the ensemble mean for daily rainfall
greater than 50mm was 78mm and 111mm for Case 2 and
for Case 1, respectively.The reason for the better performance

of the heavy rainfall forecast over the South Island by the
ensemble will be further analysed in Sections 4.2 and 5.

4. Statistical Analysis

In this section, the ensemble RMSE, ME, and categorical
skill scores for two rainfall categories are presented. The
first category includes events in which either simulated or
observed daily rainfall is equal to or higher than 50mm (also
called heavy rainfall). Because there were only 35 days for
each experiment, a second threshold of 20mm/day (mod-
heavy rainfall) was chosen to ensure a sample size sufficient
for statistically robust results. Daily rainfall observations
(valid at 0900 NZST) at 630 sites over New Zealand during
the 35 days were used.

4.1. TheWhole Country. The ability of the different ensemble
members (and ensemble means) to correctly predict rainfall
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Figure 5: Same as Figure 3 but for 24-hour rainfall valid at 0900 NZST 29 September. Some shading areas in the circle of (b) had 24-hour
rainfall greater than 100mm and in the circle of (d) had occurrence probability higher than 0.6 for 24-hour rainfall greater than 100mm.

Table 3: Contingency table for the ensemble mean (MM) for daily rainfall thresholds of 20mm and 50mm for the whole country (NZ), the
North Island (NI), and the South Island (SI).

Forecast
Observed Yes No Yes No Yes No

NZ NI SI
Yes 20mm 2965 2063 1193 849 1772 1214
No 2219 81565 1127 34295 1092 47270
Yes 50mm 446 389 237 110 209 279
No 510 87467 223 36894 287 50573

events for the two different thresholds was investigated by
converting the forecasts and observations into binary events.
Contingency tables for the ensemble mean (MM) at these
two thresholds are shown in Table 3. Figure 6 shows the
categorical performance diagram for mod-heavy and heavy
rainfall over all of New Zealand. MM has the highest critical

success index and the lowest false alarm ratio as compared
with each member for both thresholds.

However, from Figure 6, it can be seen that the MM
frequency bias for heavy rainfall is worse than for almost all of
the individualmembers.That is, the improvement in FAR has
not been matched by an improvement in hit rate, resulting in
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Figure 6: Performance diagram comparing mod-heavy and heavy
rainfall for all of NZ. CSI is shown by the shaded contours and bias
by the grey dotted lines. The dotted uncertainty bars show the one
standard deviation error in hit rate and success ratio.

a greater tendency for MM to underpredict the occurrence
of heavy rainfall events. The ability to improve the CSI by
hedging, that is, by reducing the frequency of forecasted
events as outlined above, is one of the undesirable properties
of the CSI. The Peirce skill score (PSS) is a categorical metric
which does not have this property and is also base rate
independent (insensitive to the sample climatology).

Peirce skill scores are shown in the ROC diagrams in
Figures 7(a) and 7(c) which contain the mod-heavy and
heavy rainfall results, respectively, for all of New Zealand.
In contrast to CSI, PSS does not show the ensemble mean
MM as being significantly better than any of the individual
members. For the mod-heavy threshold, MM has the highest
score, but it is the same as 3DclimC within uncertainties.
For heavy rainfall, MM does not have the best PSS, but,
within uncertainties, it is not worse than any of the individual
members.

While it has many desirable properties, PSS is not always
appropriate as it tends to meaningless values for vanishingly
rare events (known as degeneracy). Ferro and Stephenson
[28] developed the symmetric extremal dependence index
(SEDI), in turn based on the extreme dependency score
proposed by Stephenson et al. Both of these metrics are
nondegenerate, but the SEDI has the advantage as it is base
rate independent and difficult to hedge. Figures 7(b) and 7(d)

contain the same data as Figures 7(a) and 7(c) except that
the shading represents the SEDI instead of the PSS. From
these diagrams it can be seen that, in contrast to the CSI
and PSS, the magnitude of the SEDI is similar for both mod-
heavy and heavy rainfall. In addition, the SEDI implies that
formod-heavy rainfallMM shows a larger improvement over
the individual ensemble members and for heavy rainfall it is
similar to the best performing members.

Figure 8 shows the RMSE over the whole country for all
ensemble members. Formod-heavy rainfall, the RMSE of the
ensemblemean (MM)was smaller than that of eachmember;
the largest was ∼26.0mm for 4dvar11, about 1.8mm higher
thanMM.The difference in the RMSE between eachmember
andMMwas statistically significant at the 95% level using the
𝑡-test.

For heavy rainfall, the RMSE of the MM (∼43mm)
was smaller than that for all members except for 3Dcli
(∼43.0mm). The largest RMSE was 46.5mm for 4dvar11,
about 3.5mm higher than the MM. Except for 3Dcli and
4DclimB, the difference in the RMSE between each member
(except for 3Dcli) andMMwas statistically significant at 95%
level using a 𝑡-test.

These results indicate that the ensemble mean is better
than any of the individual ensemble members for forecasting
mod-heavy rainfall over New Zealand. For heavy rainfall,
the performance of the ensemble mean is better or similar
to the best performing members. The small difference in
the performance of the ensemble system between mod-
heavy rainfall and heavy rainfall may be due to the smaller
observation number for the latter (Table 3).

For the two daily rainfall categories, themean errors (ME,
forecast-observations) showed consistent negative values for
each member (Figure 8(b)), especially for heavy rainfall,
indicating that parts of the heavy rainfall forecast errors
come from the negative bias. In addition to model physics,
the relatively low model resolution (∼12 km) is most likely
another reason for the underestimation of rainfall. This will
be further analysed in the following section and Section 5.

A possible reason for this improvement seen in the
simple ensemble mean may be that it is simply due to the
smoothing effect of calculating the mean of the 12 members.
In other words, taking any member of the system and doing
spatial smoothing, the improvement achieved might be as
much as that from the ensemble mean. To investigate this
possibility a 9-point smoother was applied three times to the
rainfall forecast for each ensemble member and compared
with the unsmoothed (Figure 9) via their RMSE. For mod-
heavy rainfall, the 9-point smoother decreased the RMSE
(Figure 9(a)) by 0.1–0.5mm for each member. For MM, the
smoother increased the RMSE by ∼0.2mm. The improve-
ment of MM over each member was 0.5–1.6mm for RMSE,
much larger than that of each member achieved by the 9-
point smoother. In contrast, for heavy rainfall the smoother
significantly increased the RMSE for each member and MM
by 0.8–2.0mm. These facts indicate that the improvement
of the simple ensemble mean in mod-heavy rainfall and
heavy rainfall wasmainly achieved from the simple ensemble
system, not by the smoothing effect.
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Figure 7: Relative operating characteristic (ROC) diagrams including all of New Zealand for the mod-heavy (a and b) and heavy (b and c)
rainfall thresholds. Bias is shown by the grey dotted lines and two different measures of forecast skill, PSS (a and c) and SEDI (b and d), are
shown with shading.

4.2. Different Regions. The results for the North and South
Island ensemble mean (MM) compared to the individual
members are consistent with those found for the full country.
That is the forecast skill of the MM, by various measures, and
is similar to or better than any individual member and the
frequency bias has been reduced compared to the majority of
members (not shown).

The RMSE and ME of the North and South Island
results for the subset of events that were forecast correctly

or observed are shown in Figure 10 for mod-heavy rainfall
and Figure 11 for heavy rainfall. For the North Island at both
rainfall thresholds, MM has the lowest RMSE and for the
South Island only 3Dcli has a lower RMSE than MM.

Here, a question needs to be answered is in which island
(the North Island versus the South Island) the performance
of the ensemble is better? The total number of rainfall
observation sites and heavy rainfall observations were dif-
ferent between the two islands. It is not appropriate to use
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Figure 10: As in Figure 8 but for mod-heavy rainfall over the North Island (a) and over the South Island (b).

the forecasting skill analysis with only two rainfall categories
to do the evaluation. Instead, RMSE and ME that can
quantitatively show the real magnitude of rainfall forecasted
errors are used.

For mod-heavy rainfall, the North Island had an RMSE
of 26.5mm for MM (Figure 10), whilst it was only 21.9mm
for South Island (Figure 10). For each member, the RMSE
of rainfall was larger than 26.9mm over the North Island;
however, it was smaller than 23.5mm for each member over
the South Island. For mod-heavy rainfall, the ME of MMwas
2.2mm over the South Island, a positive bias much smaller
than the negative bias (−8.2mm) over the North Island. The
magnitude of ME was almost the same for each member and
the MM. For mod-heavy rainfall, ME accounted for more
than 20% of the RMSE over the North Island, but only about
10% of the RMSE over the South Island.

For heavy rainfall (Figure 11), the RMSE of the MM was
50.0mm over the North Island, whilst it was only ∼36.9mm
for the South Island. The RMSE for each member was more
than 50.5mm over the North Island, whilst it was smaller
than 40.5mm over the South Island. ME was 2.5mm over
the South Island, a bias much smaller than that (−24mm)
over the North Island. The ME of each member and the MM
accounted only about 10% of the RMSE over the South Island,
but about 40% of the RMSE over the North Island.

In terms of RMSE and ME, the ensemble system per-
formed better over the South Island than over the North
Island for bothmod-heavy andheavy rainfall. Over theNorth
Island, the pronounced negative bias of the simulated rainfall

is a major factor leading to the worse performance of the
ensemble. As described earlier, a major difference between
the North Island and the South Island is the shape, height,
and horizontal scale of mountains.These results indicate that
mountains can significantly affect the performance of the
ensemble system inmoderate to heavy rainfall prediction and
will be further discussed in the following section.

5. Discussion

The shape (horizontal aspect ratio and mountain height) of
mountains affects the patterns and regimes of airflow past
mountains [29–32] and significantly affects rainfall amount
and rainfall distribution (e.g., [33–36]). As described earlier,
the South Island has a relatively uniformmountain range (the
Southern Alps), running some 600 km down the length of
South Island and covering more than half its width, which
the prevailing westerly airflow has to cross (Figure 1(b)). In
contrast, the North Island has multiple ranges of hills and
mountains giving it fewer clear-cut windward or lee side
regions (Figure 1(a)). The spatial scales of the mountains of
the North Island are smaller than those of the Southern Alps;
as a result, a better description of mountain dynamic forcing
(e.g., orographic lifting) exists for the latter inNZLAM(12 km
resolution) than for the former. In addition, circulations
associated with airflow past a larger mountain tend to have
larger spatial scale. This leads to better description of the air
flow patterns forced by the Southern Alps than those forced
by the mountains of the North Island, in NZLAM. Thus,
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Figure 11: As in Figure 8 but for heavy rainfall over the North Island (a) and over the South Island (b).

the Southern Alps having uniform shape and larger spatial
scales compared to themountains of the North Island is most
likely the reason for the better performance of the ensemble
for the South Island.

In New Zealand, orographic lifting plays an important
role in heavy rainfall occurrence. As described earlier, large
negative biases of simulated moderate to heavy rainfall were
found over theNorth Island and accounted for 20–40% of the
errors. This suggests that, for the current resolution (∼12 km)
of NZLAM, the orographic lifting was underestimated for
the North Island. In fact, even for the South Island, relatively
large RMSE and ME were found for mod-heavy and heavy
rainfall as described earlier. Part of the rainfall prediction
errors was due to the rainfall prediction bias, especially for
heavy rainfall. Revell et al. [37] indicated that a resolution of
5 km or higher would be needed to adequately describe the
vertical motion forcing of the mountains.Therefore, a higher
model resolution (preferably ≤5 km) than 12 km is needed
for a New Zealand operational RES system for heavy rainfall
prediction.

6. Conclusion

In this study, 12 experiments using the state of the art
3Dvar and 4Dvar techniques were combined as a temporary
regional ensemble system.This is the first attempt at conduct-
ing ensemble prediction of rainfall directly from a regional
weather modelling system in New Zealand. The objective is

to investigate the effect of data assimilation and ensemble
method on moderate and heavy rainfall forecasts and the
effect of mountains on the performance of a RES in New
Zealand.

The RMSE, ME, and several categorical verification met-
rics for daily rainfall were analysed based on two thresholds,
20mm (mod-heavy rainfall) and 50mm (heavy rainfall). In
total 630 sites inNewZealandwith daily rainfall observations
were used. These analyses showed that, at the same model
resolution, the simple ensemble performs better than any of
the 12 experiments for mod-heavy rainfall prediction. The
overall better performance of the ensemble was also found
for heavy rainfall. Two heavy rainfall cases showed that, in
most areas with heavy rainfall, the ensemble showed a high
probability of occurrence (≥0.6), due to the significant effect
of mountains on heavy rainfall occurrence in New Zealand.
This suggested that ensemble prediction of heavy rainfall
using ensemble mean and occurrence probability would be
a useful tool in New Zealand.

Under the prevailing westerly airflow for most time
of a year, much rainfall occurs on the west side of the
country, especially for the South Island with a steep west
mountain slope that has a southwest-northeast orientation.
Our analyses indicated thatmountains can significantly affect
the performance of this ensemble system with smaller errors
(or RMSE) and bias (orME) of forecastedmod-heavy rainfall
and heavy rainfall over the South Island than over the North
Island.This result is nothing new, but it indicates that a 12 km
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model resolution of the current temporary ensemble system
is not high enough to well predict heavy rainfall in New
Zealand. A ∼5 km or higher model resolution is required for
a better performance of an operational RES system in New
Zealand for heavy rainfall prediction.

Thiswork implies that for regional ensemble prediction of
heavy rainfall in complicated mountainous areas, in addition
to the initial conditions, model resolution also needs to be
properly treated according to the mountain scales. For future
research, a similar RES with higher model resolution (∼
5 km or finer) will be conducted to search for the optimum
resolution over New Zealand. Beyond accounting for the
uncertainties in initial conditions using data assimilation, the
RES will also account for uncertainties in the lower boundary
conditions (including SST, soil moisture, and vegetation
cover) and the lateral boundary conditions.
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