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Abstract: Very heavy stratiform precipitation (> 200 mm/per day) occurred in the Hokitika region on the west
coast of the South Island of New Zealand on 18 June 2015, under north-westerlies with small CAPE (< 25 J/kg).
Analyses of model simulations and observations showed that this heavy rainfall was due to cold front lifting
enhanced by orographic lifting over the Southern Alps. At 1.5 km grid-length, the model terrain underestimated
the average height of the 103 tallest mountains over the South Island by ~ 800 m. This leads to weaker orographic
lifting and mountain blocking, and a faster-moving and stronger cold front in the Hokitika region. As a result,
large errors in the heavy rainfall prediction occur. By increasing either the resolved or the sub-grid mountain
heights, the simulated rainfall errors were largely reduced through stronger orographic lifting and mountain
blocking, and a better simulation of the cold front movement and strength. All the experiments have the same
“flow-over” regime with mountain waves and/or wave breaking (F,, ranges 0.61 — 1.21). However, the rainfall
amount and distribution on the windward side of mountains altered significantly. Our new findings were that
the Southern Alps can have significant indirect effects on heavy rainfall by altering the speed and strength of the
cold front, in addition to the well-known direct dynamical effects (i.e., orographic lifting and mountain blocking).
A combination of these direct and indirect effects makes the heavy rainfall simulation sensitive to mountain
heights even under the same “flow-over” regime.

Keywords: Heavy rainfall; orographic lifting; mountain blocking; cold front; sub-grid mountain height; dual-
polarisation radar; Southern Alps

1. Introduction

Mountains significantly affect the amount and distribution of rainfall through the nonlinear
interactions of mountain blocking, orographic lifting, and land surface processes (Colle, 2004; Smith
and Barstad, 2004; Yang and Chen, 2008; Houze, 2012; Colle et al., 2013; Chow et al., 2013; Stockham
et al., 2018; Smith, 2019). In general, orographic lifting of airflow produces much more rainfall on the
windward side of mountains than in the lee where descent of airflow occurs. For conditionally
unstable airflow passing over a bell-shaped mountain ridge, idealized numerical experiments
showed that the moist flow regimes (or precipitation distribution) can be controlled by the moist

Froude number (defined as F,, = ﬁ, where U is the basic-state wind speed, N,, the moist Brunt—
m

Viisala frequency, and h the maximum ridge height, Colle, 2004) and CAPE (convective available
potential energy, Chen and Lin, 2005a, 2005b). Idealised numerical simulations of conditionally
unstable flows past a mountain ridge performed by Miglietta and Rotunno (2009, 2010 and 2012)
found that rainfall amount/rate and distribution can be controlled by a combination of the parameters
U, CAPE, N,,,, h, ridge half-width, tropopause height, LFC (level of free convection), and downdraft
CAPE.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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A cold front is one of the major weather systems causing heavy rainfall. Mountains can distort
cold fronts by dynamically enhancing or slowing down their movement, and strengthen or weaken
them (Egger and Hoinka, 1992; Colle et al., 1999; Steenburgh and Blazek, 2001; Schultz, 2004;
Steenburgh et al., 2009; West and Steenburgh, 2010; etc.). The dynamical effects of mountains are
determined by not only their height but also their aspect ratio or shape, and the mountain size (Smith,
1989; Yang and Chen, 2008). Therefore, in numerical weather prediction (NWP) of heavy rainfall, the
height, size, and shape of mountains should be well described in the model’s terrain to accurately
simulate a mountain’s dynamical effects.

New Zealand’s South Island lies in the mid-latitude southwest Pacific, surrounded by ocean.
The main mountain range, with a southwest to northeast orientation, is known as the Southern Alps
(Figure 1a). Under the prevailing mid-latitude westerly winds, the western region of the South Island
is generally the windward side and the eastern region is the lee side, with cold fronts being one of
the major weather systems to produce rainfall in this region.
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Figure 1. (a) The Southern Alps showing terrain height from CTRL. (b) Locations of the 11 stations
with daily rainfall observations chosen for verification in this study. See Table 2 for the name of each
station. The mountain heights are shown in grey shading. The blue star and red dots in (a) denote the
location where E,, was calculated and the locations of the 103 tallest mountains of the South Island
with heights larger than 2400 m, respectively. The solid line in (b) is the transect for the cross-sections.
The area of (b) is shown by the square in Figuresla.

Overall, rainfall amounts are much higher over land areas than over the nearby sea and much
more rainfall occurs over the western side of the South Island than over other parts of the country
(Salinger, 1980; Tait and Fitzharris, 1998; Yang et.al., 2015; Shu et al., 2021) due to the orographic
lifting of more consistent westerly airflows by the Southern Alps (Sturman and Wanner, 2001). Heavy
rainfall frequently occurs in the Southern Alps. It is not uncommon that the total annual rainfall
exceeds 10,000 mm or that daily maxima exceed 500 mm at some locations on the upper slopes
(Griffiths and McSaveney, 1983a; Whitehouse, 1985; Henderson and Thompson, 1999; Griffiths, 2011).
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One example of a heavy rainfall event is one that occurred in the Hokitika region on the western side
of the Southern Alps on 18 June 2015, with daily rainfall maxima greater than 200 mm.

This study was initially motivated by a comparison of the New Zealand Convective-Scale Model
(NZCSM, Yang et al., 2017) forecasts with the dual-polarisation radar observations of the New
Zealand MetService at Hokitika for the same heavy rainfall event. See Crouch and Russell (2021) for
more information about the radar observation analysis. An advantage of the dual-polarisation radar
is the freezing level (0 °C air temperature height) can be reliably identified from the radar cross-
section echo. A pronounced difference in the 0 °C air temperature curve between the simulation and
the radar observations was the prominent eastern extension (~ 10 km) of the simulated 0 °C air
temperature curve over the high mountains in the middle of the South Island around 1830 NZST on
18 June 2015 (Figure 2, see more information in Section 3). It is hypothesised that the eastern
extension/penetration of the simulated 0 °C curve over the high mountains was due to the model
terrain being lower than the actual terrain and weaker mountain blocking. Testing this hypothesis is
one objective of this study. Furthermore, we will investigate the key processes leading to this heavy
rainfall event, how well these processes are described in the model, and how these processes are
affected by the mountain heights and the sub-grid mountain heights. Following the introduction,
descriptions of the model and the weather situation are given in Section 2. Results showing the effects
of resolved mountain heights are described in Section 3. The effects of sub-grid orographic
information are described in Section 4 with a discussion is presented in Section 5 followed by
concluding remarks.
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Figure 2. Dual-polarisation radar observations (Correlation Coefficient) (a), and simulated winds, ice
ratio, and 0° C (white for CTRL) air temperature by CTRL (b), 1.2X (c), and 1.3X(d) at 1830 NZST 18
June 2015 along the solid line in Figure 1b.

2. Description of the model and the weather situation

The model used in this study is the regional configuration of the Met Office Unified Model (UM).
The UM uses the ENDGame dynamical core which employs a semi-implicit semi-Lagrangian
formulation to solve the non-hydrostatic, fully compressible deep-atmosphere equations of motion
(Wood et al., 2014; Walters et al., 2017). Two domains with grid-lengths of 12 km and 1.5 km have
been used in this study. The 12 km grid-length domain has almost the same domain size as the New
Zealand Limited Area Model (NZLAM, 324x324 horizontal grid points, Yang et al., 2012), uses the
GAG6 physics settings (Walters et al., 2017), and was driven by Met Office global UM forecasts (N768,
~17 km grid-length). The 12-km grid-length domain provides lateral boundary conditions for the 1.5-
km grid-length domain (1350x1200 horizontal grid points), which uses the first Regional Atmosphere
and Land (RAL1) science configuration for mid-latitude regions (Bush et al., 2020), and had 70 vertical
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levels with the model top at 40 km. The model was initialized at 0000 NZST 18 June 2015 (CTRL,
Table 1) and run for 36 hours.

Table 1. Description of numerical experiments, the average height (h) of the Southern Alps mountains
resolved by the model, and the moist Froude Number (F};,) calculated from the mean wind speed
(~23 m/s) and mean moist Brunt-Viisild frequency (0.0105 s™1) for the 0 — 3 km layer at a location
about 300 km to the northwest of Hokitika.

EXP Description h (m) F,

CTRL Using the original terrain data generated by the nesting suite of UM 1800 1.21

1.1X Increasing the terrain height by 1.1 times of the terrain of CTRL 1980 1.11

1.2X Increasing the terrain height by 1.2 times of the terrain of CTRL 2160 1.01

1.3X Increasing the terrain height by 1.3 times of the terrain of CTRL 2340  0.94

1.4X Increasing the terrain height by 1.3 times of the terrain of CTRL 2520 0.61
OD the same as CTRL but turning on the sub-grid mountain blocking, 1800 1.01<
the 5A scheme (Lott and Miller, 1997, Webster et al., 2020) Fr<1.21

On 18 June 2015, heavy rainfall occurred in the Hokitika region. The observed daily rainfall at
0900 NZST 19 June 2015 was ~ 211 mm at Hokitika Airport (Site 4 in Figure 1b), a new record, and ~
330 mm at Inchbonnie, located on the windward foothills of the Southern Alps to the east of Hokitika
(Site 9 in Figure 1b).

At the surface on 18 June 2015 (Figure 3), a high-pressure centre was observed to the southwest
of New Zealand and another to the northeast. Between the two highs was a narrow trough of low
pressure with northwest-southeast orientation crossing the South Island. The strong and warm
northwest airflow associated with the low supplied abundant moisture (Figure 3), via an
“atmospheric river”, a common moisture supply condition for heavy rainfall occurrence in New
Zealand (Shu et al., 2021). A cold front with overall northwest-southeast orientation was found over
the sea between the north-westerly moist warm air and the south-easterly and southerly cold air. This
cold front gradually moved toward the northeast.
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Figure 3. The surface analysis weather chart (a) at 1200 NZST, (b) at 1800 NZST 18 June 2015, and (c)
at 0000 NZST 19 June 2015; (d) Total Precipitable Water image for 1500 NZST 18 June 2015 from
Cooperative Institute for Meteorological Satellite Studies (CIMMS); () GMS infrared satellite image
at 1200 NZST 18 June 2015.

To the east side of the South Island at the surface, cold southerlies and south-easterlies were
found behind the cold front (Figure 4). The cold front over land on the east of the South Island moved
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faster toward the north than that on the west, and had a southwest to northeast orientation, which is
a typical orientation for cold fronts over the South Island (Smith et al., 1991; Sturman et al., 1992; Yang
et al., 2012).
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Figure 4. The simulated surface winds and pressure (1.5 km resolution, CTRL) initialized at
0000NZST 18 June 2015 at (a) 1500 NZST, (b) 1800 NZST, and (c) 2000 NZST on 18 June 2015. The
solid line in (a) and (b) is the same as in Figure 1b and shows the position for cross-sections. The small
square in (c) shows the area for Figure 6.

The southerly and south-easterly cold airflows near the surface gradually moved over the high
mountains from the east of the Southern Alps and descended on the west side (Figures 4, 5). To the
west of the Southern Alps, the cold front at the surface was found between the cold air and the warm
moist north-westerly airflow, and also had a southwest-northeast orientation (Figure 6), in significant
contrast to the cold front over the sea that had a northwest-southeast orientation (Figure 3). The cold
front over land gradually moved from the high mountains to the lowlands and coastal area (Figure
6). Around 1800 NZST, the cold front reached Hokitika Airport from the eastern lowlands. As
described in detail later, the upward motion of the cold front, enhanced by orographic lifting, was
the dominant dynamical process for the heavy rainfall occurrence in the Hokitika region, which was
liquid precipitation. However, over the high mountains and the east side of the Southern Alps, heavy

snow occurred on that day. In this study, we focused on the heavy liquid rainfall in the Hokitika
region.
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Figure 5. Cross-sections along the solid line in Figure 1b for the simulated winds and air temperature
by CTRL at 1800 NZST (a) and 2000 NZST (b), and by 1.2X at 1800 NZST (c) and 2000 NZST (d) on 18
June 2015.
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Figure 6. Simulated surface winds and air temperature by CTRL at 1500 NZST (a), 1800 NZST (b),
and 2000 NZST (c), and by 1.2X at 1500 NZST (d), 1800 NZST (e), and 2000 NZST (f) on 18 June 2015.
Blue dashed lines denote positions of the cold fronts. See Figure 4c for the location of the area.

3. Effects of model resolved mountain heights

The Southern Alps consist of many mountains with heights over 2000 m above sea-level. It is the
combined effect of the many high mountains that contributes to the strong dynamic effects, such as
mountain blocking and orographic lifting, rather than a single peak. To quantify how NZCSM'’s
model terrain underestimated the mountain heights, we calculated the average height of the 103
tallest mountains with the heights larger than 2400 m on the South Island (Figure 1a). The average
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height is ~ 2600 m. However, the average height of the corresponding mountains peaks in the model
terrain of NZCSM is only ~ 1800 m. Overall, the model terrain underestimated the mountain heights
by ~ 800 m. One of the major error sources comes from the smoothing which is applied to the terrain
as standard in all NWP models to achieve dynamical stability. This led us to conduct numerical
experiments where the terrain heights were uniformly increased, as a method of understanding the
effects of the missing orography without compromising model stability.

In this study, the simulation using the original NZCSM terrain file is labelled CTRL. Numerical
experiments where the model terrain is increased by 1.1 (1.1X), 1.2 (1.2X), 1.3 (1.3X), and 1.4 (1.4X)
times the CTRL model terrain were conducted and labelled accordingly (Table 1). All the experiments
used exactly the same lateral boundary conditions that were provided by the 12 km resolution
simulations, and the same initial lower boundary conditions except for terrain heights. We will
investigate how these different mountain heights affect the simulated air temperature, surface winds,
cold front, and rainfall in the Hokitika region on 18 June 2015. For brevity and clarity, analyses are
mainly presented for CTRL, 1.2X, and 1.3X.

The effect of mountains on the surrounding atmosphere can be determined by the mountain

Rossby radius of deformation, Ly = NTh, where f is the Coriolis parameter, h is the mountain height,

and N is the Brunt-Viisald frequency. For the Southern Alps in the mid-latitudes with average
mountain height ranges from 1800 m for CTRL to 2520 m for 1.4X, considering a typical value 0.01
s7! for N, Ly ranges from ~ 180 km for CTRL to 250 km for 1.4X. This indicates that the influence
of the Southern Alps on the environmental airflow extends 180 - 250 km away for all the experiments.
To calculate the moist Froude Number F, for the moist northwesterly airflows affecting the
Southern Alps, a location (169°E and 40.1°S, Figure 1a) about 300 km to the northwest from Hokitika
was chosen. F,, was calculated using model outputs at this location for the 0 — 3 km height layer
around 1800 NZST 18 June 2015 when heavy rainfall started to occur at Hokitika (Table 1). The
calculation of F, used model outputs instead of observations because of a lack of radiosonde
observation data over the sea to the west of the Southern Alps. In fact, using model forecasts is more
appropriate than using observations because we investigated the effects of model terrain under the
model atmosphere. E, ranged 0.61 —1.21 for the numerical experiments described earlier and was
almost the same during the time periods of the intensive precipitation, indicating a “flow-over”
regime with mountain waves (the gravity waves excited as airflow past mountains) and/or mountain
wave breaking for the Southern Alps with the aspect ratio of ~ 1/4 (Smith, 1989; Epifanio, 2003).

3.1. CTRL simulation

As described earlier, cold air near the surface behind the cold front moved from the east side of
the Southern Alps, passed over the high mountains and descended on the west side. The adiabatic
descent gradually warmed the cold air near the surface. For CTRL (Figures 5a, b), when the cold front
and the south-easterly cold air reached the low-lands in the Hokitika region at 1800 NZST 18 June,
the air temperature was ~ 6°C near the surface, while it was ~ —4°C near the surface of the high
mountains, a ~ 10°C increase due to the adiabatic descent warming. At 2000 NZST, the cold front and
the cold south-easterlies moved further westward offshore on the west side (Figures 5b, 6c).
Immediately above the surface south-easterly cold airflows over the coastal area and lowlands,
warmer airflows with an easterly wind direction were found for the 400 — 1000 m height layer (Figure
5b), and were the north-easterly barrier jets indicated by Crouch and Russell (2021) based on analysis
of radar observations. Over the coastal area offshore, the barrier jets mixed with surface cold air,
leading to the change of surface wind direction from south-easterly to easterly (Figure 6c). Barrier jets
frequently occur in the coastal areas of the South Island (Revell et al., 2002; Yang et al., 2017). The
warm north-westerly airflow (including the barrier jets) was lifted by the cold front (Figures 5a, b).
This cold front lifting was further enhanced by the orographic lifting above (Figure 5) for the heavy
rainfall production.

3.2. Effect of higher mountains on freezing heights

Figure 2 shows the dual-polarisation radar observations and the simulated ice ratio, air
temperature, and winds. The freezing height, indicated by the 0° C curve over the western side of the
Southern Alps, was simulated at ~ 3 km height for CTRL (white contour, Figure 2b), 1.2X and 1.3X
(blue contours, Figures 2c, d), close to the dual-polarisation radar observations (white dotted line,
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Figure 2a). Compared with the radar observations, the eastern extension of the 0° C curve over high
mountains in CTRL was largely corrected by the 1.2X and 1.3X experiments that exhibit a much
smaller eastern extension of the 0° C curve over high mountains than CTRL. As analysed in Section
3.3 later, this was mainly due to weaker simulated north-westerly winds and weaker warm advection
over the high mountains below 3 km height when compared against CTRL.

For the radar observations, the maximum cloud ice ratio (Figure 2a, shading) over high
mountains extended over 5 km in height. This feature was better simulated by 1.2X and 1.3X than
CTRL, which showed lower cloud ice ratio over high mountains than 1.2X and 1.3X (Figures 2b, ¢, d,
shading).

3.3. Effects of higher mountains on air temperature, winds, and the cold front

With higher mountains in 1.2X and 1.3X than for CTRL (Figures 5, 6, and 7), three pronounced
features can be found in the Hokitika region: i) the adiabatic descent warming of the south-easterly
cold air near the surface was more significant with larger temperature increases (3 — 5 K) for 1.2X and
1.3X than for CTRL on the west lowlands after the cold air past over the high mountains; ii) the wind
speed of the cold south-easterly winds near the surface behind the cold front was 2 — 5 m/s weaker
and the westward movement of the cold front was slower for 1.2X and 1.3X, and iii) the orographic
lifting of the north-westerly airflow above the easterly cold winds was stronger for 1.2X and 1.3X.
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Figure 7. Observed and simulated (CTRL and 1.2X) hourly surface winds and air temperature at four
stations in the Hokitika region. See Table 1 and Figure 1 for site locations.

The westward movement of the cold front over land on the west side of the South Island was
improved in the 1.2X and 1.3X simulations. In the Hokitika region, there are only four stations that
have routine hourly observations for precipitation, surface winds and air temperature. Figure 7
shows the observations and simulations at the four stations (See Table 2 and Figure 1b for location
details). Over the South Island, the passage of a cold front is also called a “southerly change” due to
a pronounced wind change to southerly and a large drop in air temperature. At these sites, these
features associated with the passage of the cold front were well captured and simulated. The
simulation of these two features was better in the 1.2X and 1.3X experiments than in the CTRL. For
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example, at Mt. Philistine the passage of the cold front was observed during 1900 — 2000 NZST, while
it was simulated at ~ 1800 NZST for 1.2X and 1600 — 1700 NZST for CTRL. At Greymouth, the passage
of the cold front was simulated at 2100 — 2200 NZST, consistent with the observations, while it was
simulated in 1900 — 2000 NZST for CTRL.

For the 1.2X and 1.3X simulations, the mountain blocking of the warm north-westerly airflow
was enhanced. This can be clearly seen from the differences in simulated winds between CTRL and
1.2X and 1.3X (Figure 8). At 1500 NZST 18 June 2014, almost uniform north-westerly airflow moved
toward the middle and upper South Island (Figure 4a). In the cross-section diagram (Figures 8a, b),
stronger mountain blocking and orographic lifting led to an anomalous clockwise circulation cell
over the western lowlands and high mountains for the 1.2X and 1.3X simulations. The lower branch
of the cell was found below ~ 2 km height over the western lowlands and below ~ 3 km height over
the high mountains, and consisted of easterly wind anomalies (weaker westerly winds, Figures 8a, b)
due to stronger mountain blocking for higher mountains in 1.2X and 1.3X than in CTRL. Stronger
orographic lifting (red shading) occurred above these easterly wind anomalies on the western side of
the cell. The upper branch of the wind anomaly cell consisted of westerly wind anomalies (i.e. the
stronger westerly winds) and leading to stronger descent of airflow over the high mountains in 1.2X
and 1.3X relative to the CTRL (Figures 8a, b).
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Figure 8. Cross-sections along the solid line in Figure 1b for the difference in the simulated winds and
vertical velocity between CTRL and 1.2X (the left panel) and 1.3X (the right panel). Green contours

are air temperature simulated by CTRL. Blue contours are air temperature simulate by 1.2X (left panel)
and by 1.3X (right panel).
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At 1800 NZST, the cold front reached the lowlands on the west coast. The uprising motion due
to cold front lifting was found over the lowlands and was enhanced by the orographic lifting of the
north-westerly airflow (Figure 5). This enhancement was stronger with the higher mountains in the
1.2X and 1.3X simulations due to stronger orographic lifting (Figures 8c, d).

The mountain blocking of the cold south-easterly airflow near the surface on the east side of the
South Island was more significant for 1.2X and 1.3X than for CTRL, leading to the development of
weaker easterly winds (i.e., westerly wind anomalies) near the surface over high mountains and over
the slopes and lowlands on the west side for 1.2X and 1.3 X (Figures 8c —f). As the cold airflow passed
over high mountains and descended on the west side, the adiabatic descent warming became more
significant for 1.2X and 1.3X with higher mountains than CTRL. This led to higher air temperature (3
- 5 K) for the cold easterly winds near surface for 1.2X and 1.3X than CTRL (Figure 5). The weaker
easterly cold winds with higher temperatures seen in 1.2X and 1.3X compared with CTRL slowed
down the westward movement of the cold front over land to the west of the Southern Alps (Figures
8c-f). The mountain heights of the Southern Alps clearly affected the movement, speed and strength
of the cold front.

At 1800 and 2000 NZST (Figures 8c-f), an anomalous anti-clockwise wind cell was found to the
west of the strong anomalous uprising motion, which was caused by the difference in the position
and strength of the cold front circulation between CTRL and 1.2X and 1.3X.

Above the cold air over the high mountains, the wind anomaly cell found at 1500 NZST was also
found at 1800 NZST (Figures 8c, d). At 2000 NZST, the westerly winds below 3 km height over the
high mountains were weaker due to higher mountains for 1.2X and 1.3X than for CTRL. This
weakened the warm advection, so as to reduce the eastern extension of the 0°C curves over the high
mountains below 3 km height (Figures 8c, d) for 1.2 X and 1.3X. Thus, the eastern extension of the
simulated 0°C curve over the high mountains in CTRL was mainly due to stronger simulated north-
westerly winds and warm advection over the high mountains below 3 km height as a result of weaker
mountain blocking.

3.4. Rainfall

Figure 9 shows the observed and simulated radar reflectivity. Hokitika Airport is located
approximately at the middle of the bottom x-axis. The observed maximum radar reflectivity (intense
rainfall) was found over and to the east of Hokitika Airport at ~ 1830 NZST. For all the simulations
at 1830 NZST, the simulated radar reflectivity maxima corresponded well to the uprising motion
maximum, which was the cold front lifting enhanced by orographic lifting. For CTRL (Figure 9b), the
simulated radar reflectivity maximum was found to the west of Hokitika airport due to the simulated
fast movement of the cold front. For 1.2X and 1.3X, because of the slower movement of the cold front,
the simulated radar reflectivity maximum was found over and to the east of Hokitika Airport, closer
to observations than CTRL.
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Figure 9. Observations of radar reflectivity (a), and simulated winds, air temperature, and radar
reflectivity by CTRL (b), 1.2X (c), and 1.3X (d) at 1830 NZST on 18 June 2015.

Table 2 shows the 24-h rainfall amount valid at 0900 NZST 19 June 2015 at 11 stations in the
Hokitika region. With each increment in terrain height in the model by 0.1, 0.2, and 0.3 times (i.e.,
1.1X, 1.2X, and 1.3X, respectively) the model terrain height of CTRL, the mean absolute errors (MAE)
of daily rainfall at the 11 stations gradually decreased. The simulation of the daily rainfall amount in
Hokitika region is improved by using higher terrain in 1.1X, 1.2X, and 1.3X than CTRL. For example.,
at Hokitika Airport the 24-h rainfall simulated by 1.3X (~ 198 mm) was closer to the observations (~
211mm) than in the other simulations.

However, the MAE of the simulated rainfall in the Hokitika region becomes worse when the
mountain height is increased from 1.3X to 1.4X (Table 2), even though the average mountain height
of the Southern Alps for 1.4X is closer to the real height (~2600 m) than that of the 1.3X (Table 1). The
performance of 1.4X in simulating rainfall ranks between 1.2X and 1.3X. This indicates that the
envelope of the mountain range is now too high, and the blocking effect is now too strong. This effect
is not unexpected when the model area-average elevation height is comparable to the observed point
measurements of maximum height.

Table 2. 24-h rainfall accumulation (mm, valid at 0900 NZST 19 June 2015) for observations and
simulations at 11 stations, and the mean absolute errors (MAE, the bottom row).

Station No. Sta. Name OBS 1.4X 1.3X 1.2X 1.1X CTRL oD
1 Greymouth 144.4 136.0 144.0 151.9 206.6 186.2 170.0

2 Arthurs Pass 81.0 130.2 113.7 123.0 114.1 82.3 129.4
3 Mt Philistine 163.0 107.6 113.4 107.7 93.4 87.5 117.5
4 Hokitika 211.3 167.6 197.7 178.4 144.7 140.2 163.9
5 Ross 188.5 240.2 184.0 133.0 121.6 106.5 129.7
6 Reefton 82.8 94.0 105.9 102.3 102.7 97.2 135.3
7 Paroa 144.9 139.6 156.9 216.2 171.7 118.6 228.3
8 Kokiri 180.6 177.2 178.8 171.2 156.3 147.9 170.4
9 Inchbonnie 327.9 210.8 248.9 247.0 247.0 231.8 258.9
10 Kowhitirangi 265.3 250.1 226.2 200.7 164.9 149.3 176.1
11 Lower Whataroa 274.7 180.7 169.9 192.8 139.4 113.8 179.6

MAE 422 33.6 48.2 63.2 66.1 57.9
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Among the 11 stations only 4 have hourly precipitation observations. Figure 10 shows the
observed and simulated hourly rainfall by 1.2X and 1.3X at the four sites in the Hokitika region.
Intensive rainfall occurred around the time of the passage of the cold front (comparing Figure 7 and
Figure 10). Both the 1.2X and 1.3X simulations captured the hourly rainfall associated with the
passage of the cold front in the evening more accurately than the CTRL in terms of both the amount
and timing. Overall, CTRL simulated the occurrence of the intensive rainfall earlier than observations
at Mt. Philistine, Hokitika and Arthurs Pass, and produced higher intensity rainfall than observed at
Greymouth. These errors in CTRL were largely corrected in the 1.2X and 1.3X simulations. In addition,
except at Arthurs Pass, the 24-h rainfall amount was also simulated more accurately by 1.2X and 1.3X
than by the CTRL (Table 2).

Hourly rain at Hokitika, 18 June 2015 Hourly rain at Greymouth, 18 June 2015
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Figure 10. Observed (OBS) and simulated (CTRL, 1.2X, and 1.3X) hourly rainfall at four stations in
the Hokitika region. See Table 2 and Figure 1 for site locations.

As described earlier, the cold front lifting was enhanced by orographic lifting in the Hokitika
region. This led to the intensive rainfall around the time of the cold front passage. For higher
mountains in 1.2X and 1.3X than CTRL, the westward movement of the cold front and the orographic
lifting over the west lands were better simulated by 1.2X and 1.3X. As a result, 1.2X and 1.3X
performed better than CTRL in the Hokitika region in terms of daily rainfall amount and occurrence
time of intensive rainfall.

Figure 11 shows the daily rainfall and the differences in daily rainfall between 1.2X, 1.3X and
CTRL. The difference in the vertical motions between CTRL and 1.2X or 1.3X due to differences in
orographic lifting and the westward movement speed of the cold front led to pronounced
differences in 24-h rainfall (Figure 11). More rainfall for 1.2X and 1.3X than CTRL was found over
land, especially over windward slope, and less rainfall over the sea off the middle west coast. The
same features were also found for 1.4X (Figure 12a).

The results drawn from rainfall analyses for different mountain heights indicated a significant
indirect dynamical effect of the Southern Alps on heavy rainfall by affecting the movement speed
and strength of the cold front. This is a new finding to our knowledge.
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Figure 12. Differences in 24-h rainfall (mm) valid at 0900 NZST 19 June 2015 between CTRL (a) 1.4X
and (b) OD.

4. Effect of sub-grid terrain

In numerical weather and climate models, it is unavoidable that the actual mountain dynamical
effects are underestimated by the model resolved mountains. To compensate for this underestimation,
the effects of sub-grid mountains are considered and parameterisation schemes of sub-grid mountain
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dynamical effects have been developed (e.g., McFarlane, 1987; Lott and Miller, 1997; Webster et al.,
2003, 2020).

In the RAL (Bush et.al., 2020) configuration used, the UM’s orographic drag scheme, and its
parameterised sub-grid mountain blocking, are not included at the 1.5 km grid-length. To establish
whether the sub-grid parametrisation can produce a realistic response in the cold-front structure, and
resultant precipitation, we include the orographic drag scheme (Lott and Miller, 1997; Webster et al.,
2020) in the 1.5 km simulation, using the same parameters (including sub-grid ancillary fields) as our
12 km simulation. This is likely to over-estimate the true sub-grid blocking, but as with the
experiments in Section 3, our goal is not to produce the best simulation, but rather to explore the
mechanisms affecting the dynamics. In particular, does the sub-grid parametrisation of mountain
blocking produce the same response as increasing the resolved mountain heights. However, given
the fractal nature of mountains, and uncertainties inherent in the parametrisation design, it does not
represent an unrealistic experiment. This experiment is hereafter labelled as “OD” (Table 1).

For OD, the simulated mountain blocking and orographic lifting were stronger than for CTRL.
This can be shown from the differences in winds between OD and CTRL (Figure 13a). Similar to 1.2X
and 1.3X (Figures 7a, b), a clockwise wind anomaly cell along the vertical was also found over the
western slopes and high mountains for OD. However, there is a pronounced difference between
Figure 13 and Figure 7. Over the high mountains a deep uprising motion was found inside the cell
for OD but not for 1.2X and 1.3X (Figures 7a, b, 14a). At 1800 NZST, the wind anomaly cell found at
1500 NZST was not pronounced. The main difference was that the easterly wind anomalies
corresponding to the lower branch of the cell were much weaker for OD than 1.2X and 1.3X (Figures
7¢, d, 13b). In other words, the simulated north-westerly airflows over the high mountains below 3
km height by OD were almost the same as those by CTRL (i.e., almost the same warm advection)
around 1830 NZST. This led to almost the same easterly extension of the 0°C curve over the high
mountains (not shown).
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Figure 13. Cross-sections along the solid line in Figure 1b for the difference in the simulated winds
and vertical velocity between CTRL and OD (OD - CTRL,). Green contours are air temperature
simulated by CTRL. Blue contours are air temperature simulate by OD.

The near surface easterly cold winds over the high mountains and the western lowlands were
weaker when simulated by OD than by CTRL (Figures 13b,c). As a result, the westward movement
of the cold front in the west was slower for OD than for CTRL (Figures 6a,b,c, and 14a, b, ¢). Compared
with the 1.2X and 1.3X experiments, the simulated surface winds over land by OD in the Hokitika
region were weaker (Figures 6, 15).

Similar to 1.2X and 1.3X, OD with stronger orographic lifting and slower westward movement
of the cold front than CTRL led to better simulation of rainfall. Figure 12b shows the differences in
24-h rainfall between CTRL and OD. The patterns of these rainfall differences are very close to those
of 1.2X (Figure 11c), 1.3X (Figure 11d), and 1.4X (Figure 12a). With respect to MAE of the simulated
rainfall at the 11 sites in the Hokitika region (Table 2), OD is better than CTRL and 1.1X, but still not
as good as 1.2X, 1.3X, and 1.4X. For the hourly rainfall at the four sites (Figure 15), regarding the
rainfall amount and intensive rainfall time period, OD is also better than CTRL.
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Figure 14. Simulated surface winds and pressure by OD at 1500 NZST (a), 1800 NZST (b), and 2000
NZST (c) on 18 June 2015. Blue dashed lines denote positions of the cold fronts. See Figure 4c for the
location of the area.

Hourly rain at Mt Philistine, 18 June 2014
30 :J|\||x||\||\|\|||\1\w|\||:

— OBS o
T 25 § e=cCTAL -
£ {1 == oD E
g 20 3
g 15 - -
a 5 -
0 4 E

4 8 12 16 20 24

Time (NZST)

Hourly rain at Arthurs Pass, 18 June 2014

o e ey e b ey
30 q e OBS E
E 25 4 e==CTRL -
E 4 e 0D E
ERE ]
g 15 7 -
§ 107
£ 5 - -
0 - .

4 8 12 16 20 24

Time (NZST)



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 March 2024 i:10. reprints202403.0757.v1

16
Hourly rain at Hokitika, 18 June 2014 Hourly rain at Greymouth, 18 June 2014
IR B | | P IR Y ey by s 1
R T Y T —o
E 25 | e==CTRL FE 25 o e=—CTRL
E 1 oD EE E oD
‘é’ 20 E E_E 20
5 15 - 5 15
210 - -2 10 -
g - &
a 5 - Fo 5
0 — o 0 -
4 8 12 16 20 24 4 8 12 16 20 24
Time (NZST) Time (NZST)

Figure 15. Observed and simulated (CTRL, OD) hourly rainfall.

5. Discussion

For numerical weather and climate models, prediction errors are the result of a combination of
errors and uncertainties in the initial conditions, lower boundary conditions, lateral boundary
conditions (for regional models), model physics schemes, and the interactions of these errors. This
makes it hard to isolate the greatest source of error.

In this study, for the Southern Alps, the lower than reality model mountain heights imply
weaker mountain dynamical forcing. This was supported by verifying model simulations with
increasing model terrain heights against radar and meteorological station observations. Furthermore,
underestimation of the dynamical effects of the Southern Alps can also be shown in the total
mountain drag of the southern alps, which was calculated using the schemes described in Smith et
al. (2006, Egs. 1 - 3). The total mountain drag over the South Island increased due to the higher
mountains in experiments 1.1X to 1.4X (Figure 16a). A minimum of the total mountain drag was
found around midday of 18 June when the cold front reached the middle of the South Island. These
opposing easterly and westerly mountain drags resulted in the minimum of the total mountain drag
around the midday of 18 June. All these facts indicate that the model’s underestimation of peak
heights over the Southern Alps was a large source of error for the Hokitika heavy rainfall simulation

in this study.
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Figure 16. The total mountain drag of the South Island calculated from model simulations.

When including sub-grid mountain dynamical forcing and sub-grid mountain blocking (OD
experiment), the dynamical forcing of the Southern Alps was increased with better results as
compared with CTRL. However, it remains unclear why the eastern extension of the 0°C isotherm
over high mountains shown in CTRL at 1830 NZST was not corrected. Giving stronger orographic
lifting and mountain blocking for OD than CTRL, it is unexpected that the total mountain drag over
the Southern Alps simulated by OD was slightly smaller than CTRL (Figure 16b). These problems
need to be investigated further.

Regarding effects of mountain heights on precipitation, what are the similarities and differences
between this study and previous idealized numerical experiments? Answering this question is
complicated because, in addition to the complex Southern Alps and the spatial variations of airflows,
the presence of the cold front also played a key role for the occurrence of intensive rainfall in the
Hokitika area on 18 June 2015.

This heavy rainfall event occurred under conditionally unstable northwesterly airflows,
however, the CAPE was less than 25 J/kg (not shown). As a result, this heavy precipitation was of
stratiform type (Crouch and Russell, 2021). For CTRL, 1.1X, 1.2X, 1.3X, and 1.4X, F, ranges 0.61 —
1.21. For OD, the mean mountain height h is very hard to calculate. F,, for OD can only be estimated
here. Giving stronger orographic lifting and mountain blocking for OD than CTRL, it is expected that
F,, of OD is lower than that of CTRL (1.21). Because the performance of OD in rainfall simulation is
worse than 1.2X, the F,, of OD is very likely larger than that of 1.2X (1.01), i.e., 1.01 < F,, <1.21 (Table
1).

For the idealized numerical experiments conducted by Colle (2004), F,, (or the non-dimensional
é) was the main control parameter but CAPE was not calculated and shown.
Very large CAPE (as a control parameter around 1000 J/kg or larger) was used in Chen and Lin (2005a,
b) and Miglietta and Rotunno (2009, 2010), and the precipitation was convective type. In this study.
the CAPE was very small (<25 J/kg) and the precipitation was stratiform type. In addition, the activity
of the cold front associated with the mid-latitude low played a key role in affecting the precipitation
amount and distribution. Cold fronts were also found associated with the cold-air outflow caused by
evaporative cooling of rain from precipitating convective cells in Miglietta and Rotunno (2009).
However, they were not the kind of meso-scale to large-scale cold front found in this study. These
differences make it very hard to compare our results with these idealised numerical experiments, or
apply the theoretical results from these idealized numerical experiments to this heavy rainfall event.

Smith and Barstad (2004) applied their linear theory of orographic precipitation to the Olympic
Range (2428 m at peak) in Washington State using idealised airflow with mean wind speed of 15 ms-
1 and a moist stability of 0.005 s~*. This gives F, = 1.2, which is close to that of CTRL. Maximum
precipitation was found just upwind of the mountain peaks with some spillover, which shared some
similarities to that of CTRL (Figure 11). However, there is significant difference between this study
and the application case of Smith and Barstad (2004), i.e., the presence of the cold front in this study
significantly affecting rainfall amount and distribution on the windward side.

Yang and Chen (2008) investigated the effects of the height and size of the island of Hawaii on
the rainfall distribution under easterly trade wind flow, which has a moist conditionally unstable
layer (2 km) with a low CAPE (100 J/kg). They indicated that in addition to island blocking and
orographic lifting, terrain heights also affect rainfall distribution by affecting the land surface thermal
forcing. In contrast, in this study the heavy rainfall event occurred at mid-latitude during wintertime
when the land surface thermal forcing was very weak. This can be shown by the temporal variations
of surface air temperature that the major variations were caused by the passage of cold fronts (Figure
7). Furthermore, in this study mountain heights affected rainfall amount and distribution by affecting
the movement speed and strength of the cold front, in addition to mountain dynamical effects.

mountain height, M,, =

6. Conclusion

For the heavy rainfall that occurred in the Hokitika region in the late afternoon and evening of
18 June 2015, numerical experiments were conducted in this study to understand the causes leading
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to large errors in the 0°C isotherm height over high mountains compared with radar observations,
the key processes that affected the heavy rainfall, and how well these key processes were described
in the model.

Analyses of model outputs and observations showed that this heavy rainfall (daily maxima >
200 mm) was due to the lifting of the warm airflows by the cold front enhanced by orographic lifting.

In the experiments where the height of the Southern Alps was increased, the eastern extension
error of the 0°C isotherm over high mountains was largely corrected. This error was due to stronger
simulated north-westerly airflows (or stronger warm advection) below 3 km height over high
mountains as a result of weaker mountain blocking (or lower mountains).

Weaker mountain blocking caused more significant descent of cold airflows on the west side of
the Southern Alps, leading to stronger and faster movement of the cold front from highlands to the
west coast. As a result, large errors occurred in the heavy rainfall simulation in the Hokitika region
for lower mountain heights than the actual in CTRL.

By increasing the model-resolved terrain heights to be closer to the actual heights, the westward
movement speed of the cold front and the cold front lifting enhanced by orographic lifting were better
simulated. This led to better simulation of the magnitude and timing of the heavy rainfall associated
with the passage of the cold front.

Turning on the sub-grid orographic drag scheme and enhancing sub-grid mountain blocking
improved the simulation of mountain blocking, the cold front movement and orographic lifting,
yielding a better simulation of this heavy rainfall case. These results indicate that even at 1.5 km grid
lengths, mountain dynamical effects could be largely underestimated and thus result in large errors
in heavy rainfall prediction in mountainous areas. Therefore, a consideration of the effects of
(unresolved) sub-grid mountains may be a promising approach. These unresolved effects include
both the impact of terrain which remains sub-grid to the resolved scale of the model, and terrain that
is modified by the filtering applied to achieve dynamical stability. To do this requires further
development of orographic drag parametrizations suitable for this scale.

All the experiments had the moist Froude Number F,, ranging 0.61 —1.21, and, as a result, the
same “flow-over” regimes with mountain waves and/or wave breaking (Smith, 1989; Epifanio, 2003)
for an aspect ratio of ~ 1/4 for the Southern Alps. However, the rainfall amount and distribution,
especially on the windward side (i.e., the Hokitika region) significantly differed due to different
movement speed and strength of the cold front caused by different mountain heights. These facts
revealed that in addition to the well-known direct dynamical effect (e.g., orographic lifting and
mountain blocking), the Southern Alps also has significant indirect effect on the heavy rainfall by
changing the strength and movement speed of the cold front. The combined direct and indirect
dynamical effects of the Southern Alps on heavy rainfall make the precipitation simulation sensitive
to mountain heights even under the same “flow-over” regime, a new finding to our knowledge.
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