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ABSTRACT: The interaction of airflow with complex terrain has the potential to significantly
amplify extreme precipitation events and modify the structure and intensity of precipitating cloud
systems. However, understanding and forecasting such events is challenging, in part due to the
scarcity of direct in-situ measurements. Doppler radar can provide the capability to monitor extreme
rainfall events over land, but our understanding of airflow modulated by orographic interactions
remains limited. The SAMURALI software is a three-dimensional variational (3DVAR) technique
that uses the finite element approach to retrieve kinematic and thermodynamic fields. The analysis
has high fidelity to observations when retrieving flows over a flat surface, but the capability of
imposing topography as a boundary constraint is not previously implemented. Here we imple-
ment the immersed boundary method (IBM) as pseudo-observations at their native coordinates in
SAMURALI to represent the topographic forcing and surface impermeability. In this technique,
neither data interpolation onto a Cartesian grid nor explicit physical constraint integration during
the cost function minimization is needed. Furthermore, the physical constraints are treated as
pseudo-observations, offering the flexibility to adjust the strength of the boundary condition. A
series of observing simulation sensitivity experiments (OSSEs) using a full-physics model and
radar emulator simulating rainfall from Typhoon Chanthu (2021) over Taiwan are conducted to
evaluate the retrieval accuracy and parameter settings. The OSSE results show that the strength of
the IBM constraints can impact the overall wind retrievals. Analysis from real radar observations
further demonstrates that the improved retrieval technique can advance scientific analyses for the

underlying dynamics of orographic precipitation using radar observations.
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1. Introduction

The vertical transport of water vapor and air are crucial in the weather and climate system,
yet vertical motion (w) remains one of the most challenging wind components to observe and
predict accurately. In complex terrain, orographically-induced airflow plays a significant role in
modulating weather systems, impacting precipitation intensity and cloud structure. The interaction
between clouds and topography involves various physical mechanisms that can lead to extreme
rainfall and intense convective storms (Zipser et al. 2006; Chien and Kuo 2011; Houze 2012).

Doppler radar observations present an opportunity to understand the airflow associated with
orographic interactions and the key ingredients that impact the intensity and duration of severe
weather. Multiple-Doppler radar observations can be used to reconstruct a full three-dimensional
wind field (Ray et al. 1979), but the accuracy of w remains challenging, especially when the
precipitating system is over a mountainous area (del Moral et al. 2020). Most state-of-the-
art radar synthesis software currently incorporates the mass continuity equation to retrieve w
throughout the atmospheric column. The mass continuity equation enforces the mass-weighted
vertical flow to be physically consistent with the divergence of the mass-weighted horizontal
flow. However, additional boundary conditions are necessary to impose physical constraints on
airflow movement over terrain. Accurate representation of the boundary conditions is required
to retrieve a reasonable three-dimensional wind field and to further study storm dynamics. In
this study, we implement boundary conditions at the terrain height to represent the topographic
forcing and surface impermeability in the three-dimensional variational data assimilation (3DVAR)
multi-Doppler radar software for recovering the wind field over complex terrain.

Variational techniques have been widely used for multi-Doppler retrievals (Gamache et al. 1995;
Gaoetal. 1999, 2004; Potvin et al. 2012b; Bell et al. 2012; North et al. 2017). The 3DVAR approach
solves for the optimal wind field by minimizing a cost function that incorporates various types of
observations with specified uncertainties and the algorithm assumptions (e.g. mass continuity
equation). Different sources of uncertainties include algorithm effects, instrument effects, and
sampling effects. Algorithm effects include the interpolation and smoothing techniques used to map
the radar polar grid to a common Cartesian coordinate system (Collis et al. 2010), hydrometeor fall
speed estimates (Steiner 1991), and other algorithm assumptions (e.g. mass continuity integration,

Matejka and Bartels (1998)). Hildebrand et al. (1994) shows that instrument effects can contribute
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to errors of up to 1 m s~! in Doppler wind measurements due to radar processor design and
measurement techniques. Sampling effects include data spacing and density, which are impacted
by the geometry of dual or multi-radar beams and beam blockage by terrain, as well as the temporal
evolution of weather phenomena, and data collection time span (Hildebrand and Mueller 1985;
Oue et al. 2019; Cha and Bell 2021). In Oue et al. (2019), a radar emulator was used to investigate
the quality of vertical wind retrieval in relation to observational error sources. Their findings
demonstrate that the choice of volume coverage pattern (VCP) elevation strategy and sampling
time can significantly influence the accuracy of retrieved vertical velocity. Additionally, utilizing
rapid-scan radars to reduce the data collection period can greatly enhance the quality of the results.
Understanding and accounting for these uncertainties are crucial for accurate wind retrieval in the
3DVAR approach.

Most 3DVAR approaches have been developed for retrievals over flat surfaces, but retrievals over
complex terrain require additional considerations of the topographic forcing and impermeability
at the terrain height. Georgis et al. (2000) was one of the first studies that developed a variational
approach to account for orographic effects in multi-Doppler radar analysis. In their approach, a first
guess of the vertical velocity is derived through the integration of the mass continuity equation.
The vertical wind is then iteratively solved until a converged solution is obtained. Chong and
Cosma (2000) improved the variational MUItiple-Doppler Synthesis and Continuity Adjustment
Technique (MUSCAT; Bousquet and Chong (1998)) by implementing the capability to retrieve wind
field over complex terrain. Chong et al. (2000) further integrated the aforementioned approaches
and presented an improved multiple-Doppler analysis method for real-time recovery of the wind
field over mountainous regions, and a low-pass filter is used to partially recover the wind flow
along the radar baseline. Employing a low-pass filter helps alleviate retrieval instabilities in areas
with sparse data coverage and along the radar baseline.

Liou and Chang (2009) developed a variational multiple-Doppler radar three-dimensional wind
synthesis method over flat terrain. The accuracy of vertical velocity retrieval was improved by
incorporating the vertical vorticity equation and removing the assumption of prescribed vertical
velocities at the data boundary. Building upon this work, Liou et al. (2012) further advanced
the technique by introducing the immersed boundary method (IBM) with a ghost cell approach.

This method allows for the recovery of the wind field above the terrain while considering the
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topographic forcing (Tseng and Ferziger 2003). The IBM approach provides realistic topographic
forcing within a standard Cartesian grid, eliminating the need to convert to a terrain-following
coordinate system. This capability allows for accurate representation of the topographic effects
without the requirement of transforming the coordinate system.

The Spline Analysis at Mesoscale Utilizing Radar and Aircraft Instrumentation (SAMURAI)
analysis technique employs a finite element approach using a series of overlapping cubic B-
spline basis functions. This approach offers several advantages over a conventional grid-point

representation (Bell et al. 2012; Foerster et al. 2014), including:

* The use of a finite element representation for functions allows for a scale-controlled analysis
that can incorporate multiple spatial filters in the background error covariance and analytic
spatial derivatives in observational space, eliminating the need of adding terms to the cost
function to account for additional constraints. This feature enables the user to easily select the

desired scales and constraints for an analysis.

* Traditional 3DVAR multi-Doppler approaches typically involve the interpolation of polar radar
data to a Cartesian coordinate system, which has been shown can introduce artifacts in vertical
velocities (Collis et al. 2010). In SAMURALI, the finite element method can handle irregular
data distributions and complex immersed boundary geometries directly without interpolation
to a Cartesian grid. Instead, the data can be used in the variational minimization in their native

locations. This feature reduces one of the potential interpolation errors in the analysis.

» Spatial derivative constraints can be obtained from physical equations, such as the mass
continuity equation and/or the momentum equations (Foerster et al. 2014). The finite element
formulation allows for the specification of these derivative constraints as pseudo-observations
at any point in their native coordinate. Physical constraints on the spatial gradients can be
treated as pseudo-observations at any given point with specified pseudo-observational errors
that are implicitly integrated during the cost function minimization rather than explicitly

integrated.

The SAMURALI technique has demonstrated its ability to generate high-quality scientific results
over flat surfaces, as evidenced by previous studies (Bell et al. 2012; Foerster et al. 2014; Martinez

etal. 2019; Cha et al. 2020). However, when it comes to retrievals over complex terrain, additional
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assumptions regarding terrain boundaries need to be considered. The current study improves the
SAMURALI technique by incorporating retrieval capabilities over complex terrain. We implement
the IBM method as pseudo-observations which allows for the boundary conditions at any specified
terrain height with adjustable pseudo-observational errors. The analytic nature of spatial derivatives
eliminates the requirement for the ghost cell approach utilized in finite difference methods. The
outline of the paper is as follows: Section 2 describes the details and the formulation of the 3DVAR
approach designed for over complex terrain. Section 3 presents the dataset used and outlines the
experimental setup to assess the accuracy of the immersed boundary solver. Observing System
Simulation Experiments (OSSEs) are conducted using simulated data from Typhoon Chanthu
(2021) which produced heavy rainfall over complex topography in northern Taiwan. Section 4
investigates the performance of the newly developed method through sensitivity tests on various
experimental setups, including: a) varying the strength of terrain forcing constraint at the boundary,
b) exploring the resolution and details of complex terrain slope, c) assessing the contribution of
vertical wind retrieval from mass continuity and terrain forcing, and d) analyzing the impact of
grid spacing and Gaussian recursive filter settings. Section 5 demonstrates the applicability of the
wind retrieval over complex terrain using real radar data from Typhoon Chanthu (2021). Section

6 provides a summary of the findings and discusses their implications.

2. Methodology

a. SAMURAI

SAMURALI uses a set of cubic B-spline basis functions that are continuous and differentiable
up to the third-order derivative. Combining a set of spline functions allows for the formation
of the shape of any function while still being differentiable. The use of spline basis functions
in representing the atmospheric structure allows for the specification of pseudo-observations of
spatial gradients.

The nodal spacing in SAMURALI determines the minimum feature size that can be resolved
by the function. The finite element approach in SAMURALI provides flexibility in specifying
nodal spacing and spatial gradients at any point and space, which allows for a more adaptable
representation of the atmospheric structure. These pseudo-observations of spatial gradients are

integrated during the cost function minimization, along with the observations and background.
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The cost function, formulated as an incremental form, incorporates weights based on observations,
observation errors, background state estimates, and background state errors. The cost function is
minimized at the most likely atmospheric state at the analysis time based on the input data and
specified errors. SAMURALI initially employed a nonlinear Conjugate Gradient (NCG) method,
which involved computationally intensive tasks such as evaluating the gradient and performing a
line search in each iteration until convergence (Gao et al. 2004). Dennis et al. (2022) improved the
optimization solver performance by implementing a Truncated Newton (TN) solver, optimizing
code, and porting SAMURALI to GPU environments, which results in a substantial reduction in the
overall execution time. The combined improvement efforts have resulted in speed improvements
exceeding 100 times compared to the original SAMURALI code. For more detailed information
regarding these improvements, please refer to Dennis et al. (2022).

SAMURALI has three spatial filters to facilitate analysis smoothing and the propagation of infor-
mation from observations throughout the domain, including the Fourier spectral filter, the spline
cutoff, and the Gaussian recursive filter. The Fourier spectral filter is mainly used for removing
high-wavenumber features directly in the spectral domain or restricting to a mean value along a
particular axis (i.e. wavenumber zero only). The spline cutoff is implemented as a third derivative
constraint on the cubic B-spline basis during the spline transform (Ooyama 2002). The Gaussian
recursive filter operates as a Gaussian low-pass filter utilizing an efficient recursive operator (Purser
et al. 2003). Smaller filter lengths retain more detail, albeit with a potential to capture noise, while
larger filter lengths yield greater smoothing but may result in the loss of fine details. These filters
can be used individually or in combination to produce different responses. Choosing an appropri-
ate filter type and length based on the data distribution is crucial in obtaining the desired physical
scales of interest in the analysis.

In this study, we utilized a combination of the spline-cutoff filter with 2 nodes in the horizontal
direction and the Gaussian recursive filter with 4 nodes in the horizontal and 2 nodes in the vertical
direction. The sensitivity of the Gaussian recursive filter setting will be investigated in Section 4,

while the sensitivity of the Fourier filter and spline cutoff setting will not be addressed in this study.
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b. The immersed boundary method

Urban and mountainous environments often feature steep slopes and complex geometries. The
IBM method enables flows in such complex terrains to be simulated at their native spacing, without
the need to conform to a specific coordinate system. This approach preserves the topography with
high-order boundary representations, accurately capturing the intricate features of the terrain. This
ensures that winds influenced by terrain forcing can be realistically resolved.

The IBM has been implemented into the Weather Research and Forecasting (WRF) model
(Lundquist et al. 2010), and an observational wind retrieval technique Wind Synthesis System
using Doppler Measurements (WISDDOM, Liou et al. (2012)). Previous studies have adopted a
finite-difference approach, where the body force term is applied to ghost cells located within the
terrain. This ghost cell method is able to handle rigid boundaries and produce a sharp representation
of the fluid solid interface. In SAMURALI, the ghost cell approach can be circumvented through two
main implementations. First, the finite element approach is utilized, allowing the terrain boundary
nodes to be positioned independently of specific computational nodes. This flexibility enables the
boundary spatial derivatives to be computed at their original locations. Second, SAMURALI uses
a set of overlapping cubic B-splines that are differentiable up to the third-order derivative (Fig. 1).
This allows the boundary condition to be applied directly at the terrain height instead of using a
traditional ghost cell.

Two boundary conditions are implemented into SAMURALI, following Liou et al. (2012)’s

method:
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Fic. 1. (a) An example function and its component b-spline amplitudes. The thick black line is a logistic
curve, and the dashed colored lines represent each individual b-spline at the nodal points that sum to represent
the function. (b) A diagram illustrating the observational data points (green dots), pseudo-observations obtained
from the two terrain boundary conditions (red dots and dashed lines), and pseudo-observations obtained from
the mass continuity equation (blue cross). The background mesh gridlines represent the output analysis grid

spacing.

where 7 is the unit vector perpendicular to the boundary, u is the zonal wind, v is the meridional
wind, w is the vertical wind, and & denotes the terrain height. The Neumann boundary condition
is applied to u and v (Eq. 1), while the Dirichlet boundary condition is used for w (Eq. 2). The

Neumann boundary ensures that the total mass flux across the boundary is set to zero, preventing
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mass flux from penetrating the terrain. The Dirichlet boundary ensures that the vertical velocity
at the terrain height is determined by the horizontal wind components « and v, thus accounting for
the influence of topographic forcing. Given the correlation between the induced vertical velocity
by topographic forcing and the terrain slope, the selection of an appropriate terrain map becomes

crucial for resolving the desired scale of interest. This aspect will be further explored in Section 4.

3. Data and Sensitivity experimental setup

a. Typhoon Chanthu (2021)

Figure 2a depicts the track and intensity of Typhoon Chanthu. According to the Japan Mete-
orological Agency (JMA), the maximum wind speed of Chanthu was recorded as 115 kt (59 m
s~1) when the typhoon was located northeast of Luzon. Despite undergoing a weakening trend
after reaching its peak intensity, Typhoon Chanthu exhibited intense eyewall convection over 50
dBZ as indicated by the radar composite reflectivity at 05:30 UTC on 12 September (Fig. 2c).
The accompanying rainband, characterized by reflectivity values of 35-40 dBZ, made landfall in
northern Taiwan. The spiral rainband exhibited a predominantly perpendicular orientation to the
mountain slope, resulting in enhanced rainfall parallel to the ridge. Figure 2b shows the 24-h
rainfall accumulation from 08 UTC 12 September to 08 UTC 13 September. A distinct band of
enhanced precipitation, with a maximum accumulation exceeding 200 mm, is observed parallel to
the snow mountain ridge. Interestingly, the minimum rainfall recorded over the Central mountain
ranges from 20 to 30 mm. These variations in rainfall accumulation and patterns suggest that
topography plays a significant role in influencing the amount of precipitation, in addition to the
influence of the typhoon circulation. The widespread orographic precipitation and strong wind
speeds were captured by the Wufenshen (RCWF) and Shulin (RCSL) radar observations under an
adequate dual Doppler geometry (Table 2). Therefore, Typhoon Chanthu is selected as the case

study for testing the improved technique.

b. Dataset

An OSSE is conducted for Typhoon Chanthu on 12 September 2021 when the typhoon’s rainband
made landfall in northern Taiwan, resulting in rainfall exceeding 50 mm within an hour in the

mountainous region. OSSE studies are typically carried out to evaluate the effects of operational

10



227

228

229

230

s

PN v 1. Oy ) & PR s 7o) G ROV 7.2- 52 ten o) G0 TR B, RN (v man 1 7. 2m )

9/12 00:00 ~ a713 00:00 (b)

X ¥ W

£ 8 (m)
J0h
paih}

41

oo noSSEdE

PHRARNGER

133

145

150

150

Ll

135

Fic. 2. (a) Typhoon Chanthu’s track and intensity. (b) 24-h rainfall accumulation from 08 UTC 12 September

to 08 UTC 13 September. Time shown in the plot is in LST. (c) The composite radar reflectivity at 0530

UTC 12 September. All the figures were derived from the Central Weather Bureau Typhoon Database (https:

//rdc28.cwb.gov.tw/TDB/public/typhoon_detail?typhoon_id=202114).
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observing systems on observation-based value-added products and weather forecasts. The WRF
simulation provides kinematic and thermodynamic variables with a physical understanding of the
orographic effects on precipitating clouds and wind flow.

The WREF simulation uses version 4.1.3 (Skamarock et al. 2021). The Morrison double-moment
scheme was utilized (Morrison et al. 2005). The MYNN?2.5 (Mellor-Yamada-Nakanishi-Niino
level 2.5) PBL scheme was adopted (NAKANISHI and NIINO 2009). The domains are configured
as fixed triple-nested domains with two-way interaction for the second and third domains. The
outermost domain has a horizontal grid spacing of 9 km, the second domain has a spacing of 3
km, and the innermost domain has a resolution of 1 km. The innermost domain has a horizontal
grid spacing of 1 km and 51 o-layers in the vertical. The initialization of this domain is based
on the boundary conditions provided by the 3-km simulation. The WREF terrain height data has
a horizontal resolution of 30-arc seconds, which corresponds to approximately 1 km horizontally.
The terrain data is available at each grid point and has an averaged slope of 6 x 10~2 (V, unitless).
In the WRF simulation, the native output is in the pseudo-pressure coordinate, resulting in a vertical
grid that is stretched in physical space. The minimum vertical grid spacing in the WRF grid is
approximately Az, ~ 23.22 m, which is found at the peak of the hill. On the other hand, the
maximum vertical grid spacing is approximately 644.46 m, occurring at a height of approximately
z~5.2km.

The 1-km simulation was initialized following a 3-hour run of the first and second domains,
and output was produced at 15-minute intervals. The innermost domain is designed to cover
the northern part of Taiwan during the interaction of Typhoon Chanthu’s rainband with the local
topography. The simulation output at 05:30:02 UTC on September 12 is selected as the input
data for the subsequent datasets described. As the focus of this study is on the impact of complex
terrain on wind retrieval, the sampling time for the radar volume coverage pattern (VCP) and storm
evolution are not considered.

Three types of OSSE datasets were generated:

1) REFERENCE (“TRUTH”)

The WREF simulation is on a sigma coordinate, and the filtering length and actual resolving scale

may slightly differ from the SAMURALI analysis. To ensure an equitable comparison, the sigma-
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level output data of the innermost WRF domain at 05:30:02 UTC 12 September snapshot was
loaded into SAMURALI The reference analysis was generated by ingesting known data at WRF
native coordinates with an observational error of 1 (unit corresponding to the variables), including
a three-dimensional wind field (u, v, w), temperature, water vapor mixing ratio, dry air density,
moist air density, and reflectivity. The terrain boundary error was set at 1 x 103 (unitless) for the

analysis, as shown in the first column of Table 1.

2) CR-SIM

The Cloud resolving Model Radar SIMulator (CR-SIM, Oue et al. (2020)) utilized the WRF
simulation as input to generate equivalent radar reflectivity factor (Z;;) and Doppler velocity (V)
at the model grid. CR-SIM is a radar simulator designed to replicate multi-wavelength, zenith-
pointing, and scanning radar observations based on high-resolution cloud-resolving models. By
employing the same microphysics scheme, CR-SIM can transform model variables into radar and
lidar observables, facilitating direct comparisons between numerical weather model output and
radar observations. The simulated radar observables account for sampling strategies, enabling
the assessment of errors arising from sampling and uncertainties associated with multi-Doppler
wind retrievals. This dataset at WRF model grid was generated by using the VCPs of the RCWF
and RCSL radars, without considering time evolution (Table 2). The purpose of evaluating this
dataset against the truth is to investigate Doppler errors in scenarios lacking direct vertical wind

observations.

3) RapAr-FILTER

The third dataset was generated by transforming the second dataset from the WRF model grid to
radar polar coordinates. This dataset, which incorporates more realistic radar characteristics, is
evaluated against the first and second datasets to investigate radar geometry and sampling errors.

One caveat to note is that none of the datasets described above account for the beam blockage
effect, which should be addressed in future work.

Figure 3 shows the “true” fields of reflectivity and vertical velocity, which are used to demonstrate
the retrieval performance for the sensitivity tests. The white area in the horizontal cross-section at
1 km (Fig. 3a and b) is a result of the terrain (Fig. 3c¢). To ensure an objective selection of an area

of interest with suitable radar beam geometry and appropriate spatial resolution, the dual-Doppler
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Fic. 3. Horizontal cross sections of (a) reflectivity and (b) vertical (shading) and horizontal wind (vectors)
at 1 km altitude from the “truth”. (c) WREF terrain map. (d) The effective dual-Doppler radar lobes. Large
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at the lowest elevation angle (0.483?). The triangles denote the RCSL (green) and RCWF (cyan) radar locations
respectively. The blue box denotes the area where the accuracy of retrieval is assessed. The green and white line

denotes two vertical cross sections that will be shown in Section 4
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TaBLE 1. Sensitivity experimental setups designed to assess the performance of various configurations,
including terrain boundary constraint, Doppler sampling limitations, and slope of terrain map. Note that the
scientific notation of 1E-3 represents 1 x 1073, 6E-2 represents 6 x 1072, and so on. NE and DE stand for the

pseudo-observation errors due to the Neumann boundary and Dirichlet boundary, respectively. The notation i

and j represent the power of the exponents used with a base of 10.

Setup/Labels Reference (“Truth”) | CR-SIM: NE.DE_j | Radar-Filter: NE_iDE_j | Radar-Filter: S_k
. WRF model grid WRF model grid Radar grid Radar grid
Data coordinates . .
X, ¥, 0) x,y,0) (azi, elev, range) (azi, elev, range)
u, v, w, T,
Input data P Znn, V., Znn, V., Znn, V.
p Gy, Pas Pms Zhi hh> Vd hh>Vd hh> Vd
Ne‘i"i?]ag‘grg]r M B 1E-3, 1E-2, 1E-3, 1E-2, IE-3, 1E-2,
I : 1E-1, 1E-0 1E-1, 1E-0 1E-1, 1E-0
(unitless)
D‘r.l.Chl[eOt Fg‘;r] ) B3 1E-3, 1E-2, 1E-3, 1E-2, 1E-3, IE-2,
JIm e, i 1E-1, 1E-0 1E-1, 1E-0 1E-1, 1E-0
(unitless)
Mean slope (k) 6E-2 6E-2 6E-2 6E-2, 8E-2, 1E-1
(unitless)
# of experiment 1 4x4 4x4 3x4x4

lobes are depicted in Fig. 3d. Additionally, an accurate retrieval of the vertical velocity relies
heavily on the dual-Doppler measurements, the mass continuity equation, and the assumed terrain
boundary conditions. Therefore, selecting an effective area for dual-Doppler measurements is
crucial in order to minimize errors caused by Doppler geometry, which ensures that the algorithm
assumptions regarding the terrain boundary conditions can be evaluated with fewer concerns about
other factors. An effective dual-Doppler measurement area is primarily determined by three factors:
the minimum spatial resolution required to accurately resolve the phenomenon of the interest, the
maximum acceptable error in horizontal velocity, and the distance between the radars. Increasing
the radar separation distance can enhance the accuracy of the two velocity components over a larger
area, but it can lead to a degradation in spatial resolution near the radar locations. The dual Doppler
lobes can be defined by the intersection of the acceptable velocity error variance, and the maximum
of the desired spatial resolution (Davies-Jones 1979; Friedrich and Hagen 2004). The maximum
spatial resolution is determined by the radar separation distance and a selected cross-beam angle.
In our case, the distance between the RCSL and RCWF is 39.26 km, yielding a fine resolution at

close range. The beam crossing angle (53) is chosen to be 35¢ so that the resolution of the resulting
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merged datais =~ 1 km. The horizontal wind solution is obtained by a geometrically weighted sum of
the interpolated radial velocities. As the radial velocity measurements are sampled independently
by different radars, the individual Doppler velocity variance can be used to estimate the error in the
wind synthesis due to the geometry. The square root of the mean Doppler velocity variance derived
from the two radars can be calculated to determine the potential error in the wind solution. In
addition, partial or total beam blockage caused by mountains may limit the measurements from the
low-elevation angles. Figure 3d’s contours show the low-elevation beams where they are blocked
by the surrounding terrain. Taking into account these factors, the resulting area for dual-Doppler
analysis and selected cross sections with minimal beam blockage are shown in Fig. 3d.

To conduct realistic testing using the Taiwanese radar operational network and assess the overall
wind retrieval for Section 5 with real radar observations, we use the RCWF and RCSL radar
configuration for the simulated radar measurements (Table 2). Note that in the following Section
4, the results assume a static model output, where the radars collect data instantaneously based on
their VCPs without any temporal evolution. All radar gate data points are at the same time step
to reduce the uncertainty in retrieved winds caused by time discrepancies. Plan position indicator
(PPI) of simulated reflectivity and Doppler velocity observed by the RCSL and RCWF are shown

in Fig. 4 as an example.

TaBLE 2. The configuration of the RCWF and RCSL radars.

Radar RCWF RCSL
Radar location (25.071182N, 121.781205E) (25.00N, 121.4E)
Radar height (m) 765 298
Radar frequency (GHz) 3.0 (S band) 5.5 (C band)
Beamwidth 0.89 0.92
Range resolution (m) 250.0 250.0
0.4833984, 0.8789062, 1.318359, 1.801758,
Elevati 1 2416992, 3.120117,3.999023, 5.097656, 1,2,3,4,5,6,9.9,
evation angle 6.416016, 7.998047, 10.01953, 11.99707, | 14.6, 19.5, 24.5,29.9
14.01855, 16.69922, 19.51172
Time period (OSSEs) Simulation output at 05:30:02 UTC

from 05:27:24 to
05:34:40 UTC

Time period (real data) from 05:30:16 to 05:36:06 UTC
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FiG. 4. PPI scans of radar reflectivity from (a) the RCSL at the elevation angle of 1 degree and (b) the RCWF
at 0.483 degree. (c) and (d) are the Doppler velocity observed by the RCSL and the RCWF at the same elevation

angles as (a) and (b), respectively.

c. Assessment of accuracy

The accuracy of the retrieved results against the true variables is evaluated using the spatial
correlation coefficient (SCC), and the root-mean-square error (RMSE), including horizontal wind
field (# and v combined), vertical wind, and the first derivative of the wind field: divergence, and

vorticity, are computed (Liou et al. 2012).
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SCC(A) — (Ar - A_r)(At - A_t) (3)
\/(Ar _A_r)z(At _A_t)z

RMSE(A) = \/Z(A’T_At)z 4

The subscripts “r’” and “t” denotes the “retrieved” and “true” quantities, and M is the total number

of grid points used in the computation. A denotes the value of the domain average.

4. Sensitivity tests

In this section, we perform a series of sensitivity experiments to assess the impact of various
factors on the accuracy of wind retrieval, including a) the prescribed strength of Neumann and
Dirichlet boundary constraints, b) the smoothness of complex terrain slope, c) the algorithm
assumptions of mass continuity and terrain boundary, and d) the grid spacing and Gaussian
recursive filter setting. The purpose of each sensitivity test will be explained in its respective
subsection. All the experiments herein are solely based on the input resampled observations and

assumed boundary conditions. The first guess background wind field is set to be zero.

a. Sensitivity of the prescribed strength of Neumann and Dirichlet boundary constraints

Previous wind retrievals over complex techniques enforce the wind blocked and induced by
topography to follow the terrain morphology according to the underlying physical understanding.
Since SAMURALI offers the flexibility to adjust the strictness of the terrain boundary assumptions
of surface impermeability and topographic forcing, this sensitivity experiment is conducted to
explore the effectiveness of the assumption of boundary conditions compared to other methods
that explicitly integrate any physical constraints. Table 1 displays the various experimental setups
and their associated labels discussed in this subsection. The prescribed strength of the boundary
constraint errors ranges from 1 x 1073 (1E-3) to 1 x 10° (1E-0), and is applied to every data point
at the terrain height. The prescribed strength of the constraint differs between the Neumann and
the Dirichlet boundaries but the mean slope is kept the same. This setup results in 16 experiments
for the CR-SIM and Radar-Filter datasets respectively, as shown in the second and third columns

of Table 1.
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Figure 3 shows the SCC scores of the CR-SIM and radar-filter datasets with various strengths
of boundary errors. The CR-SIM experiments with different prescribed terrain boundary errors
all outperform the radar-filter experiments in terms of the three-dimensional wind, divergence,
and vorticity fields. The CR-SIM experiments show that relaxing the pseudo-observational errors
provided by the boundary can retrieve a horizontal wind field similar to the reference data with an
accuracy of up to 0.992. The average SCC score for the horizontal wind across all 16 sensitivity
tests is 0.99, indicating a high fidelity of the horizontal wind retrieval from the Doppler velocity
when sufficient data is available within the domain of interest. On the other hand, the retrieval of
vertical wind is highly sensitive to the strength of imposing boundary conditions. If the Dirichlet
error is relaxed to 1 x 10°, which is approximately two orders higher than the averaged terrain slope
(6 x 1072), the SCC score is less than 0.78 and shows no sensitivity to the order of the Neumann
boundary error. When a strong Dirichlet boundary condition with an error of 1 x 1073 is imposed,
the SCC score drops below 0.76. However, setting the Dirichlet error to 1 x 107!, which is only
one order higher than the averaged terrain slope, allows the SCC score to reach as high as 0.9.
The CR-SIM results highlight the importance of setting the Dirichlet error to a similar order as the
terrain slope map for accurate wind field reconstruction, while the Neumann error has less impact
on the retrievals in our experiments when the data distribution and coverage are sufficient. The
performances of the horizontal divergence and vertical vorticity are similar to the horizontal wind
retrieval result and are relatively insensitive to the different orders of boundary errors (not shown).
This experiment suggests that the Doppler error caused by the Doppler projection has minimal
effect on the horizontal wind retrieval, but it has a more significant impact on the vertical wind due
to its reliance on the mass continuity equation and topographic forcing assumptions.

The average SCC score for the radar-filter sensitivity experiments is 0.94 for horizontal wind
retrieval and 0.73 for vertical wind retrieval. These scores are approximately 0.05 lower than the
CR-SIM results, primarily due to the limited number of data points resulting from the designed
VCP. Interestingly, the highest SCC score for the horizontal wind field is observed in the NE-1DE-1
experiment, while higher SCC scores for the vertical wind are mainly found in experiments with
a 1 x 1072 Dirichlet error, which is approximately the same order as the average slope of the

terrain map. The shifting pattern compared to the CR-SIM experiments suggests that the strength
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402 Fi1G. 5. The SCC scores of the wind field retrieved from the CR-SIM dataset are shown in (a) and (c), while
w3 the scores from the radar-filter dataset are shown in (b) and (d). In (a) and (b), the scores represent the horizontal
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FiG. 6. Comparison of the “truth”, CR-SIM: NE-1DE-1, and radar-filter: NE-1DE-1 retrieval output (from left
to right) with the vertical cross sections of reflectivity, zonal wind, vertical velocity, absolute vertical vorticity,
and divergence (from top to bottom). The vertical cross section is the green line denoted in Fig. 3. The black
dot denotes the data distribution, and the red dot denotes the pseudo-observations imposed by the Neumann and

Dirichlet boundary conditions at the terrain height. The black line denotes the topography.

Considering the SCC and RMSE results (not shown), the NE-1DE-1 experiment demonstrates
the best retrieval performance for this particular radar configuration and data distribution. Figure
6 illustrates a comparison of the same vertical cross section among the “truth”, the CR-SIM NE-

1DE-1 experiment, and the radar-filter NE-1DE-1 experiment (green line denoted in Fig. 3). A
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strong convective core with 60 dBZ at X = -55 km is associated with a 5 m s~! updraft at z =
5 km. While the retrieved vertical velocities from both the CR-SIM and radar-filter experiments
overestimate this specific updraft, the overall pattern closely resembles the reference. The zonal
wind exhibits an enhanced upslope wind with divergence over the hill, accompanied by a downdraft
down the hill and negative vorticity from X = -30 to 0 km. Although the CR-SIM and radar-filter
experiments do not precisely capture the amplitude as expected due to Doppler errors, radar beam
geometry, and limited data, they successfully resolve the physical and qualitative aspects of the
feature of interest. It is important to note that in cases where data is sparse and the geometry of
the dual-Doppler beams is poor (X = 0 - 5 km), there is a potential for the creation of artificial
weak updrafts and downdrafts. Nonetheless, the overall analysis effectively captures our scale of
interest.

Figure 7 shows another example of a vertical cross section across the snow mountain ridge,
denoted by the white line in Fig. 3. The shallow convection is associated with positive vorticity
and upslope wind, with a 2 m s~! updraft and shallow convergence close to the ground. A jet with
~ 32 ms~! at z = 3 km is over the peak of the hill. A jet with a velocity of approximately 32 m
s~! at z = 3 km is located over the peak of the hill. Both the CR-SIM and radar-filter NE-1DE-1
experiments capture the pattern, although they slightly underestimate the downdraft magnitude at
the lee side and overestimate the amplitude of the jet aloft and its position. The radar-filter NE-
1DE-1 experiment exhibits a strong updraft at a height of 5 km (between X = 0 and 5 km), which
is due to the absence of data close to the ground, leading to the dominance of the mass continuity
equation in the retrieval of vertical velocity in that region. Nevertheless, the retrievals with terrain
boundary implementations can capture the scale of interest and provide a good representation of
mesoscale features.

In order to address the sensitivity of different prescribed strengths of the boundary constraints,
Figure 8 presents the impact of these constraints on the vertical velocity and vorticity patterns along
the same vertical cross sections as shown in Figs. 6 and 7. When the Dirichlet boundary condition
is relaxed, enhanced vertical motion is predominantly observed above 3 km in both cross sections.
This behavior is dictated by the mass continuity assumption, which governs the retrieval pattern
of vertical motion. On the other hand, the imposition of a strict Dirichlet boundary constraint

enhances the influence of the terrain boundary on the vertical wind retrieval. This is evident in
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Fic. 7. Similar to Fig. 6 but for the vertical cross section along the white line denoted in Fig. 3.

the retrieval’s ability to capture the enhanced downward motion locked to the terrain between -3
and 2 km, as seen in Figs. 7g and 8c, compared to the reference truth. The figure highlights that
variations in the imposed Dirichlet boundary constraint result in notable changes in the vertical
motion retrieval.

Regarding the absolute vertical vorticity, the retrievals from all experiments exhibit good agree-
ment with the reference when there is sufficient data point coverage. The retrievals correctly
identify regions of elongated positive vorticity from the surface to 3 km, positioned between two

regions of negative vorticity, as seen in cross section 1 (Fig. 8b). Additionally, an enhanced
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Fic. 8. Comparison of the NE-ODE-0, NE-1DE-1, NE-2DE-2, NE-3DE-3 experiments (from the top row to

the bottom). Vertical cross sections of (a), (c) vertical velocity and (b), (d) absolute vertical vorticity.

negative vorticity region is identified on top of the peak between X =-10 and 0 km in cross section
1. Cross section 2 (Fig. 8) shows that the vorticity couplet close to the surface between X = -15 and
0 km is correctly identified, albeit with a slightly stronger amplitude compared to the reference.
Although the amplitude is slightly off, the general vorticity pattern is well-captured.

The sensitivity experiment results indicate the importance of prescribed boundary constraints
in achieving an improved vertical wind structure. The error order of the prescribed boundary
constraint depends on the density and distribution of data points near the surface. When data
points are sufficient and close to the surface, the prescribed Neumann boundary constraint may
have limited impact on the overall retrieval, while the Dirichlet boundary condition becomes more
influential in the vertical wind retrieval. Although our results demonstrate that the best retrieval

occurs when the prescribed boundary constraint has a similar order to the averaged terrain slope,
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it is important to note that this finding is specific to the examined radar geometry, and the exact

numerical errors may vary in other scenarios.

b. Sensitivity of the smoothness of complex terrain slope

Orographic rainfall is sensitive to several factors, including mountain dimensions, cross-barrier
flow, moist static stability, and microphysical processes. An idealized two-dimensional modeling
study conducted by Colle (2004) found that the orographic precipitation is dependent on the

dimensions of the mountain when the cross-barrier flow is less than 20 m s~!.

Kirshbaum and
Durran (2005), using quasi-idealized numerical simulations, demonstrated that low-amplitude
smooth topographic roughness can effectively act as prominent sub-scale peaks, triggering and
organizing banded orographic precipitation. They also found that the bands created by isolated
peaks can be sensitive to the location of those irregular peaks relative to the main ridge. In
contrast, a recent study by Singh et al. (2021) suggests that using high-resolution topography in the
model has the potential to reduce biases in the local-scale dynamics related to orographic features.
Although our WRF simulation uses a terrain resolution of 30-arc seconds (approximately 1 km)
with an average mean slope of 6 x 1072 (S6E-2 experiment, Table 1), which represents the physical
scale resolved by the model, it is still worthwhile to investigate the sensitivity of the retrieval when
using terrain maps with different degrees of smoothing and filtering.
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Fic. 9. Complex terrain in Taiwan with different average slopes: (a) S6E-2 (6 x 1072), (b) S8E-2 (8 x 1072),
and (c) S1E-1 (1 x 1071).

25



485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

516

517

The Advanced Spaceborne Thermal Emission and Reflection Radiometer Global Digital Ele-
vation Map (ASTER GDEM) was generated using stereo-pair images collected by the ASTER
instrument (Spacesystems and Team 2019). The ASTER GDEM data has a horizontal resolution
of 1 arc-second (=~ 30 m) grid of elevation data. To match the scale of interest and reduce computa-
tional time, we employ two methods to align the 1 arc-second data with the 30 arc-second grid. The
first method involves applying Fast Fourier Transform (FFT) to the ASTER GDEM data, removing
wavenumbers lower than 33, and preserving approximately 1 km features. This terrain map exhibits
an averaged terrain slope of 8 x 1072 (S8E-2 experiment), closely resembling the terrain map in the
WREF simulation while retaining some irregular peaks. The second method involves sub-sampling
the ASTER GDEM data and performing nearest neighbor interpolation from high-resolution to
low-resolution. This approach preserves most of the peaks with steeper slopes compared to other
methods, resulting in a terrain map with an averaged terrain slope of 1 x 10~ (S1E-1 experiment).

Figure 9 depicts the complex terrain with varying terrain slopes, and the details of the experimen-
tal setup can be found in Table 1. Among the three, the S6E-2 experiment exhibits the smoothest
terrain, while the S1E-1 preserves the most intricate features. The sensitivity test in this section
also varies the strength of Neumann and Dirichlet boundary constraints to explore the relationship
between the boundary conditions and terrain slope features. The sensitivity test in this section
also investigates the impact of varying the strength of Neumann and Dirichlet boundary constraints
under different terrain slope features on the retrieval results.

Figure 10 shows the RMSE results from the sensitivity experiments. Using the terrain slope
corresponding to the simulation yields the lowest RMSE for the wind field as expected, since
the original terrain map provides a better representation of the phenomenon at the desired scale.
Among the three experiments, the S1E-1 retrieved wind exhibits the highest RMSE. In the S1E-1
experiment, the horizontal and vertical retrievals show the best performance when the Dirichlet
constraint is prescribed with a 1 x 107! error. The S8E-2 experiment demonstrates a similar
pattern to the S1E-1 experiment but with a lower RMSE. Notably, all the experiments conducted
here exhibit a lower sensitivity to the Neumann boundary error, likely due to an appropriate Doppler
radar geometry setup in the region of interest.

Figure 11 displays the vertical cross sections obtained from the S6E-2, S8E-2, and S1E-1

experiments, with a Neumann and Dirichlet boundary error of 1 x 10~!. The overall patterns are
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Fic. 10. Scatter plot showing the RMSE of the (a) horizontal wind and (b) vertical wind from the S6E-2,
S8E-2, and S1E-1 experiments with different specified terrain boundary condition errors. The color shading of

the dots represents the magnitude of the RMSE.

similar among the three experiments and consistent with the model in general, aligning with the
findings of Kirshbaum and Durran (2005). In the experiments with steeper and more detailed
terrain, an enhanced downdraft near the terrain peak (between X = -8 and -3 km) is observed in
the S8E-2 and S1E-1 experiments, with the S1E-1 experiment exhibiting a magnitude of up to 5.5
m s~'. The divergence field indicates an intensified convergence at a height of 4.5 km between X
= -8 and -3 km in the S8E-2 and S1E-1 experiments, suggesting that the influence of the steepness
of the terrain slope can extend to higher altitudes, rather than being confined to the lower levels.
These sensitivity experiment results emphasize the importance of using a terrain map that aligns

with the desired scale of interest for accurate wind field reconstruction.

c. Sensitivity of the algorithm assumptions of mass continuity and terrain boundary

The traditional method for retrieving vertical air motion involves solving the integral mass
continuity equation by integrating upwards from the bottom level and/or downwards from the

top level (Ray et al. 1980; Protat and Zawadzki 1999). This approach requires an estimation of
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Fic. 11. Same vertical cross section as shown in Figure 7, but for the (a) S6E-2, (b) S8E-2, and (c) S1E-1
experiments with a 1 x 10~ error for the Neumann and Dirichelt boundary conditions. The black line represents

the terrain height along the cross section.

horizontal wind divergence at each level, and errors in horizontal wind divergence can propagate
and accumulate throughout the column, leading to larger errors in the retrieved vertical velocity.
The variational approach has been shown to be less sensitive to the specification of boundary
conditions for vertical velocity retrieval (Gao et al. 1999; Potvin et al. 2012a), but the sensitivity
of vertical wind retrieval regarding the mass continuity and the terrain boundary constraints have

not been explored before. In this experiment, we explore the algorithm assumptions of the mass
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continuity equation and terrain boundary conditions through three types of experiments: WM-NT
(With the Mass continuity, No Terrain boundary condition), NW-WT, and WM-WT (With Mass
continuity, With Terrain boundary condition). The experimental configuration is detailed in Table

3.

TasLE 3. Configuration of different experimental setups for testing the sensitivity of mass continuity and the
terrain boundary conditions for three-dimensional wind retrieval. The prefix WM (with the mass continuity) or
NM (no mass continuity) indicates whether mass continuity is activated or not. Similarly, the prefix WT (with
the terrain boundary condition) or NT (no terrain boundary condition) indicates whether the terrain boundary

condition is activated or not.

Name Mass Continuity, Error ~ Terrain boundary, (Neumann Error, Dirichlet Error)
WM-NT | Yes, 1 No, (N/A,N/A), w =0m s™latz=0km

NM-WT | No, N/A Yes, (1E-1, 1E-1)

WM-WT | Yes, 1 Yes, (1E-1, 1E-1)

Figure 12 shows the vertical cross section 1 obtained from the experiments. First of all, the
WM-NT experiment exhibits artificial wind below the terrain, characterized by weak zonal wind
and vertical velocity near the ground. The occurrence of artificial wind below the terrain is a result
of interpolating the missing data area to z = 0 km using cubic-B splines and the Gaussian recursive
filter in order to satisfy the boundary condition that the vertical wind is 0 m s~!. Second, the
WM-NT result shows a similar pattern as the other two in the horizontal wind field, vorticity, and
divergence when the retrieval is above the terrain. The zonal wind near the terrain height, between
X = -5 and 5 km, reaches speeds up to 30 m s~! whereas the WM-WT retrieval shows zonal

wind of only 25 m s~ !,

Third, the lack of terrain boundary constraints has a significant impact
on the retrieval of vertical wind. The WM-NT experiment produces four strong updrafts with an
approximate magnitude of 6 m/s and one downdraft with a magnitude of 5 m s~! peaking at a
height of 3.5 km. While the WM-NT experiment captures the two uphill updrafts (one between
X =-40 and -30 km, and the other between X = -20 and -10 km), their amplitudes are excessively
strong, and the vertical motion extends too far upward compared to the reference. In the NM-
WT experiment, the horizontal wind, vorticity, and divergence fields are in good agreement with

the WM-WT experiment, similar to the WM-NT case. The enhanced vertical velocity is closely

coupled with the terrain, and the vertical velocity remains close to zero above a height of 4 km.
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Figure 13 presents the results of vertical cross section 2. The overall findings are consistent
with those in Fig. 12, but one notable feature is the presence of a weak updraft (between -10 and
-5 km) associated with upslope wind, which is not captured by the WM-NT experiment. These
unresolved wind features along the slope arise from the assumption of w = 0 m s~! at z = 0 km.
This assumption leads to strong divergence and the formation of a low-level jet below the terrain,
so a compensating downdraft aloft counteracts the upward motion. In the NM-WT experiment, a
much stronger downdraft of up to -6 m s~! is observed, which is shifted downhill and closer to
the surface compared to the WM-WT experiment. These experiments highlight the necessity of
considering the assumptions of the mass continuity and the terrain boundary condition to obtain

an accurate and realistic representation of the vertical wind field.

d. Sensitivity to the grid spacing and Gaussian recursive filter setting

In principle, a minimum of five grid points is required to represent a wave on a grid to ensure that
the resolvable wave is on a scale of 2 times the data spacing An (Koch et al. 1983). To accurately
represent a resolvable wavelength, Ax should then not exceed half of An. Regarding the lower limit,
it is not recommended to have an overly fine grid spacing, as calculations of derivative quantities
become sensitive to the grid length and the computations become more expensive. Therefore,
the empirical ratio between the grid spacing (Ax) and the data spacing (An), denoted as Ax/An,
falls within the range of 1/3 to 1/2, as suggested by the Barnes objective technique Koch et al.
(1983). In SAMURAI, the resolved wind field is a function composed of finite elements. The
grid-spacing determines the minimum spatial scale resolved by the cubic B-spline function. The
Gaussian filter produces a Gaussian response to a point observation but can dampen the amplitude
of lower wavelengths and make the retrieval less sensitive to noise. The Gaussian filter setting
determines the length scale in grid points, and a higher value can result in larger spatial influence of
the observations and additional smoothing. Choosing an appropriate combination of grid spacing
and filter settings is crucial to retrieve the best representation of the desired scale of interest. For
example, since our scale of interest is approximately 4 km, the grid spacing can be set to 1 km, and
the Gaussian filter is set to 4. Alternatively, the grid spacing can be set to 2 km, and the Gaussian
filter is set to 2. Both settings can provide a good representation of the scale of interest with slightly

different results, and features and noise with wavelengths less than 4 km will be damped.
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Fic. 12. Same vertical cross section as shown in Figure 6, but for the (a) WM-NT, (b) NM-WT, and (c)
WM-WT experiments, displaying zonal wind, vertical velocity, absolute vertical vorticity, and divergence from

top to bottom. The black line represents the terrain height along the cross section.

Observations inherently include a certain level of noise, and applying a Gaussian filter can help
smooth out this noise. For a well-resolved Doppler geometry, the uncertainty in the wind field
should be less than 2 m s~! (Hildebrand et al. 1996). To explore the sensitivity of the grid spacing
and Gaussian recursive filter setting, we add Gaussian noise with 1 standard deviation of the

Doppler velocity for the WRF input data, considering the sub-grid scale turbulence and Doppler
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Fic. 13. Same vertical cross section as shown in Figure 7, but for the (a) WN-NT, (b) NM-WT, and (c)
WM-WT experiments, displaying wind speed, vertical velocity, absolute vertical vorticity, and divergence from

top to bottom.

velocity instrument noise. A sensitivity test of different grid spacing and the length of filter setup
is shown in Table 4.

Figure 14 displays the results from each sensitivity experiment compared to the WRF simulation
direct output. The GridOSFilter222 configuration is designed to resolve features at a scale of

approximately 1 km. The GridOSFilter222 analysis retains more detail, but the overall retrieval is
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noisy (Figure 14b), particularly for the vorticity and divergence fields because the derivative of the
wind field is more sensitive to the wind gradient. The Gaussian filter is set to 2 nodes, which is
not sufficiently strong to suppress the noise. The root mean square error (RMSE) of the vertical
velocity is 0.77.

The GridOSFilter442 and Grid10Filter222 configurations achieve a similar horizontal resolved
scale of 2 km. The Grid10Filter222 configuration retains more details, while the GridOSFilter442
analysis appears smoother due to the stronger Gaussian filter that effectively suppresses more noise
(Fig. 14c and d). Both the GridOSFilter442 and Grid10Filter222 configurations can capture a
similar pattern to the WRF output with detailed structures and reduced noise compared to the
GridOSFilter222 results. However, there are still some artificial enhanced wiggles of features due
to the mismatch in the resolved scale.

Overall, the Grid10Filter442 configuration achieves a horizontal scale resolution of 4 km which
provides the best representation of the scale of interest (Fig. 14e). Among all the tests, the
Grid10Filter442 configuration exhibits the minimum root mean square error (RMSE) for both the
horizontal and vertical wind, with values of 1.85 and 0.76 m s~!, respectively.

Since the quality and sampling of Doppler velocity strongly influence the spatial resolution,
resolved scales, and accuracy of the wind and terrain boundary constraint, it is not possible to
provide a specific recommendation for filter length, grid spacing, strength of the terrain boundary
constraint, and the order of the terrain slope that applies universally to all cases. Based on the given
sampling and theoretical understanding, setting the grid spacing to 0.5 km is more appropriate to
resolve the detailed structure (Koch et al. 1983; Ooyama 1987, 2002). However, in order to align
with the resolving scale of the Weather Research and Forecasting (WRF) model, a similar horizontal
resolved scale of 4 km is considered more appropriate. Results from the OSSE experiments indicate
that a 0.5 km horizontal grid spacing and a Gaussian recursive filter length of 4 times the grid
spacing in the horizontal direction yield the most detailed structures. On the other hand, a 1 km
horizontal grid spacing and the same filter length provide higher confidence in capturing both the
structure and magnitude of dominant mesoscale features. The sensitivity experiments demonstrate
that different analysis settings entail an inherent trade-off between level of detail and point-wise
accuracy. Therefore, the choice of settings must be carefully evaluated on a case-by-case basis and

their interpretations should be made accordingly when drawing scientific conclusions.
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TaBLE 4. Configuration of different experimental setups for the grid spacing and Gaussian filter setting.
“Grid05” refers to a grid spacing of 0.5 km, and “Filter222” indicates that the Gaussian filter is applied with a
setting of 2 in the i, j, and k directions, respectively. For reference, the WRF simulation has a horizontal grid

spacing of 1 km.

Name Grid spacing (km)  Gaussian Filter setting (i, j, k) ~ Approximately resolved scale (km)
GridO5Filter222 | 0.5 (2,2,2) 1
GridO5Filter442 | 0.5 (4.4,2) 2
Grid10Filter222 | 1.0 (2,2,2) 2
Grid10Filter442 | 1.0 442) 4

(a) WRF output (b) GridoSFilter222 (c) GridoSFilter442 (d) Grid10Filter222 (e) Grid10Filtera42
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Fic. 14. Same vertical cross section as shown in Figure 7, but for the following cases: (a) WRF simulation,

(b) GridOSFilter222, (c) GridO5Filter442, (d) Grid10Filter222, and (e) Grid10Filter442.

5. Application of real data

This section demonstrates the applicability of the improved SAMURALI approach using real data
from Typhoon Chanthu (2021) observed by the RCSL and RCWF radars. The radar configurations
and settings are shown in Table 2. The use of real data introduces additional challenges due
to incomplete data coverage and beam blockage, especially near the ground and on the lee side
of hills in mountainous regions. Furthermore, the quality of the wind field is dependent on the
Doppler velocity quality and scanning geometry of the radars. Considering the sensitivity tests

performed on the OSSE experiments and the limitations of real radar observations, the analysis
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was performed using pseudo-observations with Neumann and Dirichlet boundary conditions with
a prescribed pseudo-observational error of 1 x 107!, a terrain map with a mean slope of 6 x 1072,
a horizontal grid spacing of 1 km, a vertical grid spacing of 0.5 km, and a Gaussian recursive filter
length of 4A nodal spacing in the horizontal dimension and 2A spacing in the vertical dimension.

The radar sweep files were processed using the Lidar Radar Open Software Environment
(LROSE) software (Bell et al. 2021) and the National Center for Atmospheric Research (NCAR)
Sololl software. These processing steps involved correcting Doppler velocity aliasing, as well as
removing non-meteorological echoes and noise. After the editing process, the sweep files were
converted to the CfRadial format in the native radar polar grid, which were used as input for further
analysis.

Figure 15 shows the horizontal cross sections of the SAMURALI analysis. A rainband moving
inland with reflectivity values over 50 dBZ suggests intense precipitation on the uphill side of the
terrain. Interestingly, an elongated, thin band of downward motion parallel to the mountain range
(between 121.6 and 121.8 °E, 24.7 and 24.9 °N) is found at z = 1 km, collocated with a band of
positive vorticity. Upward motion is most dominant on the windward side of the mountain range
and increases with height, while the confidence in the wind retrievals along the baseline is lower.
Considering the dual-Doppler lobes and the scarcity of data, our focus is on a specific vertical cross
section indicated by the white line, which corresponds to an area with sufficient coverage of the
dual-Doppler radar beams. This cross section is parallel to the rainband’s horizontal wind flow,
and is perpendicular to the mountain ridge, which makes it easier to assess if the retrieved wind
field is physically realistic.

Figure 16 illustrates the vertical cross section of reflectivity, wind flow, vorticity, and divergence.
In Figure 16a, a shallow reflectivity echo with a value of 50 dBZ is observed at 1 km height on
the windward side. This enhanced echo extends up to 6 km height (between X = -20 and -16 km).
Within this region, the shallow stratiform precipitation near the ground is associated with upslope
wind and divergence. At 4 km height, there is convergence as shown in Figure 16e, accompanied
by upward motion aloft and downward motion below, as depicted in Figure 16c. These findings
align with the expected stratiform heating profile.

Between X = -16 and -12 km, as the wind flow ascends the terrain, it induces upward motion

with a magnitude of 2 m s~!. This upward motion is accompanied by negative vorticity (-0.0012

35



665

666

667

688

689

690

691

692

Latitude
Reflectivity (dBZ)

Latitude
o
w
elocity (m s™1)

25.2

| i
4 0.0018 sz
\ . A 0.0012 =
T (! ; -‘é
/\5$ e 4" e & - ) g” | | toooos §
25.0 P " - > . APl s
@ 0.0000
g =
< y -0.0006 9
A S o X 1 Q' o) g
- i . °
e L)
- 6% . -0.0018 &
I (. @ o " q -® <

Latitude
N
N
©
O
L
o

-0.0012 5
o

'

—0.0009

0.0027
25.2+ 0.0018

- -, ‘ -

| - @ kY, !

. AT Ne @ A ¢ 0.0009 “

A 2v A

825-01 L] 9

= o @ 0@ N 0.0000 £

< o

- o

>

[a]

-0.0018
24.6 - 2 o

—0.0027

aters #2000 0 . c | | | —— L | . — q , / . |

121.2 121.4 121.6 121.8 122.0121.0 121.2 121.4 121.6 121.8 122.0121.0 121.2 121.4 121.6 121.8 122.0
Longitude Longitude Longitude
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s~!1) and weak divergence near the terrain. The upward motion continues vertically and reaches
its maximum amplitude of 5 m s ~! at a height of 5 km. At this height, the vertical velocity
is associated with positive vorticity, convergence below, and divergence aloft. The cross-barrier
wind flow reaches its maximum at the mountain peak, exceeding 25 m s~!, and decreases in the

lee. Estimates of the mountain Froude number (Smith and Barstad 2004) are greater than one,
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indicating that the airflow successfully ascends over the mountains without significant blockage
(see Cha (2023) for detailed calculation.) The results of our radar analysis are consistent with the
general theoretical understanding of orographic precipitation. The flow in the lee is characterized
by downward motion, positive vorticity in close proximity to the topography, and slight convergence
above the ground. A comprehensive analysis of the evolution of Typhoon Chanthu’s rainband and
its interaction with topography is beyond the scope of the current study and will be addressed in a

future study.

6. Summary and discussion

In this study, the immersed boundary method has been successfully implemented into a three-
dimensional variational-based multi-Doppler radar wind synthesis algorithm. The performance of
the Doppler technique is investigated using model-simulated datasets that are resampled by a radar
emulator, providing a more realistic setting for the simulated radar observables. The study explores
the sensitivity of various factors to assess the impact on the accuracy of wind retrieval, including
a) the prescribed strength of Neumann and Dirichlet boundary constraints, b) the smoothness of
complex terrain slope, c) the algorithm assumptions of mass continuity and terrain boundary, and
d) the grid spacing and Gaussian recursive filter setting. Finally, an observational radar analysis is
presented to demonstrate that this new technique can advance scientific analyses in understanding
the impact of orographic forcing on precipitation and wind flow using observational datasets.

In this improved SAMURALI technique, the Neumann and Dirichlet boundary conditions are
implemented and treated as pseudo-observations, allowing users to adjust the strength of prescribed
boundary constraints related to surface impermeability and topographic forcings. Our results from
the OSSEs show that the strength of the immersed boundary method constraints can impact the
overall retrieval analysis. The sensitivity test shows that the Dirichlet boundary condition generally
has a greater impact on the retrieval of vertical wind compared to the Neumann boundary condition.
The best analysis is obtained when the boundary constraints are in the same order as the averaged
terrain map slope. Additionally, the smoothness of complex terrain slopes is found to influence
the overall retrieval. A terrain map with excessively steep slopes for a given grid resolution
may produce erroneous results due to the inability to resolve sub-grid scale winds. On the other

hand, a terrain map with shallower slopes can provide a relatively smooth retrieval with a better
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Fic. 16. Vertical cross sections of (a) reflectivity, (b) wind speed, (c) vertical wind, (d) absolute vertical
vorticity, and (e) divergence. These cross sections correspond to the white line depicted in Figure 15. The black
dot represents the Doppler radar observations, while the red dot represents the pseudo observations created based
on the boundary condition. The black line indicates the topography. The wind vector in (b) illustrates the wind

direction and magnitude along the cross section.
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representation of mesoscale features. The algorithm assumptions regarding the mass continuity
and the terrain boundary conditions, especially the Dirichlet condition, are essential for generating
realistic wind retrieval. Neglecting either of these factors can lead to an incorrect representation
of wind retrieval and potential scientific misinterpretation. Considering the terrain boundary
conditions within complex terrain areas is necessary to ensure the reliability and validity of the
wind retrieval process. The grid spacing and Gaussian recursive filter experiment demonstrate that
increasing the Gaussian recursive filter can reduce noise and preserve features with strong signals,
but there is a trade-off of losing some detailed structures. In general, it is recommended to use a
smaller grid spacing than the data spacing with a larger filter length when data points are sufficient.

Our results are based on a specific dual-Doppler geometry, and therefore, the exact numerical
errors may differ in other cases. Caution must be taken when configuring the parameters for
optimal analysis retrieval and interpreting the results. In addition, it should be noted that the
beam blockage effect resulting from complex terrain was not considered in this study. The beam
blockage impact is expected to be minimal based on the domain setup and the specific dual-Doppler
geometry used in our analysis, but results may vary in different scenarios or under different terrain
and radar configurations. The analysis of both simulated and real radar observations from Typhoon
Chanthu (2021) demonstrates that the improved retrieval technique can advance scientific analyses,
and highlight the potential of using radar observations in advancing our knowledge of orographic
precipitation dynamics. Future work will involve conducting additional observational case studies
in different regions and weather systems to validate the robustness of the technique and ensure its

effectiveness in different scenarios.
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