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Abstract

RAPIDS is a new very-short-range precipitation forecasting system currently
under development at the Hong Kong Observatory (HKO). It is designed with the objective
of providing quantitative precipitation forecasts (QPF) up to 6 hours ahead, blending QPF
output derived from SWIRLS, HKO’s operational nowcasting system, and an experimental
Non-Hydrostatic Model (NHM). The weighting algorithm used in the blending process also
takes into consideration SWIRLS and NHM QPF performance in real-time. Phase
correction to adjust the location of the rain areas is first applied to the NHM QPF in an
attempt to minimize the spatial errors of the model forecasts. Verification results for the
rainstorm cases in 2006 show that RAPIDS demonstrates a generally superior performance in
detecting the occurrence of precipitation events, but at the expense of a higher false alarm
ratio in the near range when compared to SWIRLS. Its QPF application for nowcasting
tropical cyclone rainbands is highlighted by selected studies of cases in 2006.

1.

Introduction

Hong Kong Observatory (HKO) has been operating an automated nowcasting
system, SWIRLS (Li and Lai 2004) since 1999 to provide quantitative precipitation forecast
(QPF) up to 3 hours ahead. Radar reflectivity fields are advected using motion vectors
derived from the cross-correlation of radar echoes between successive images received at
6-minute interval. Forecast experience gained in recent years has firmly established the
usefulness of SWIRLS QPF output as a decision-support tool in operating the various
warning systems related to rainstorms. But due to the assumption of simple linear
advection, there is a limitation to what SWIRLS can achieve in terms of more advanced
rainstorm alerts, say up to a range of 6 or even 12 hours. Beyond the first couple of hours,
non-linear evolution of convective systems often results in erratic movement and
development of rain cells as a result of cloud-microphysical processes, topographic effects,
and changes in thermodynamic and moisture conditions.
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Development effort was therefore shifted to exploring the potential benefits of
using NWP QPF output to supplement QPF information generated from nowcasting systems.
On the modelling front, a large amount of effort has been expended in recent years to
improve the analysis and prediction of mesoscale phenomena. The setting up of regional
mesoscale observation network, together with the space-borne remote sensing platforms like
GPS and microwave sounding sensors, provides much needed data for nowcasting as well
modelling applications. Advanced data assimilation techniques have enabled modellers to
assimilate such non-conventional data into NWP models for the effective simulation of rain
systems, particularly the non-hydrostatic versions run at very high resolutions in the order
of several kilometers. As the physical processes and the evolution of atmospheric
conditions like stability, dynamical fields and moisture contents become more
sophisticatedly and reliably represented in the models, NWP capability in very-short-range
QPF deserves more attention and further studies.
To reap the benefits of both worlds, HKO is developing a new very-short-range
rainstorm forecasting system called RAPIDS (Rainstorm Analysis and Prediction Integrated
Data-processing System), blending QPF output derived from SWIRLS and an experimental
Non-Hydrostatic Model (NHM). A trial version of RAPIDS has been put into operation
since April 2005 to provide an hourly update of 6-hour QPF at a horizontal resolution of 2
km. In this report, the design of RAPIDS is presented in Section 2, with an overall
performance assessment for the rain season of 2006 given in Section 3. Specific applications
in tropical cyclone situations are examined more closely in Section 4 based on case studies in
2006. Conclusions and future development of RAPIDS are summarized in Section 5.

2.

The Design of RAPIDS

RAPIDS (Figure 1) consists of 3 components: (a) SWIRLS QPF, (b) NHM QPF;
and (c) the blending algorithm.
(a) SWIRLS QPF
In SWIRLS, the motion vectors of rain echoes between successive radar
reflectivity images at 6-min interval are determined by the TREC (Tracking Radar Echoes by
Correlations) technique (Tuttle and Foote 1990). At the same time, echo intensity is
calibrated dynamically in real time against surface rainfall as measured by a dense network of
raingauges in Hong Kong. Armed with the latest information on rain movement and
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intensity, QPF in the coming hours is obtained by advecting the radar echoes forward in
time. A simple linear advection scheme has the drawback that numerical diffusion often
leads to significant pattern deformation during the integration period, particularly if the
period extends beyond the first couple of hours. To reduce this problem, a modified
semi-Lagrangian advection (SLA) scheme has since been introduced in SWIRLS. The
scheme is based on Robert’s 3-step iterative, bi-cubic interpolation integration algorithm
(Robert 1982) with flux limiters employed (Bermejo and Staniforth 1992). With the rain
pattern better preserved, extended extrapolation of rain movement becomes more realistic,
thus rendering the derived QPF fields more suitable for blending purposes in RAPIDS.
(b) NHM QPF
The NWP component in RAPIDS comes from a non-hydrostatic model adapted
from the Japan Meteorological Agency (Saito et al. 2006). The adopted NHM, with a model
domain covering 600 x 600 km2 of areas centred over Hong Kong, started trial operation in
April 2004 to provide 12-hour QPF guidance to forecasters. It is configured and run under
a rapidly updated cycle at an hourly interval with the specific aim to keep track of
convective development in the vicinity of Hong Kong. The horizontal resolution is 5 km
with 45 terrain-following vertical levels. The initial fields and boundary conditions are
obtained from HKO’s 20-km Operational Regional Spectral Model (ORSM).
NHM is initialized by the HKO-LAPS (Local Analysis and Prediction System)
running at the same horizontal resolution. LAPS, originally developed in the Forecast
Application Branch (FAB) of NOAA’s Global Systems Division (http://laps.noaa.gov), delivers
analyses that include the specific humidity of various moisture species such as cloud water,
rain water, ice, graupel and snow in the atmosphere. The 3-dimensional cloud and
moisture analyses make use of various observations like radar reflectivity, precipitable water
vapour (PWV) retrieved from Global Positioning System (GPS) data, as well as visible albedo
and infra-red brightness temperature data from geostationary satellites. Other observations
like surface synoptic reports (SYNOP, METAR, BUOY, and automatic weather stations),
radiosondes, wind profilers, aircraft measurements, radar Doppler velocity and SWIRLS
TREC winds are also utilized to produce a balanced moisture distribution in the context of
other meteorological elements. Details on the algorithms can be found in Albers (1995) and
Albers et al. (1996)
(c) Blending QPFs from SWIRLS and NHM
Spatial shifts in rain areas are often observed in model QPF fields. For QPF as
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applied to a localized area such as Hong Kong, a closer match between the mesoscale features
of rain systems and the observed rainfall pattern is even more critical. As a first attempt to
tackle this problem, a phase correction algorithm is developed and applied to NHM QPF
before the blending process. Departures in the forecast precipitation fields from NHM
output are estimated with reference to the actual radar-rainfall distribution (i.e.
radar-estimated rainfall distribution calibrated against raingauge rainfall). The phase
correction to eliminate spatial misfit is determined by an optimal transformation which
minimizes the square error of the forecast rainfall field and the actual radar-rainfall
distribution. A gross optimal spatial translation is determined either from phase-correlation
motion techniques using 2-D Fourier transform or variational technique. Further
adjustments in shape and orientation of rainfall patterns are carried out either in projective
or shape-preserved 2-D rigid transformation (Szeliski, 1996). In minimizing the squared
difference between the transformed rainfall field and the actual distribution,
Lavenberg-Marquardt non-linear minimization algorithm (Press et al., 1992) is utilized so
that the parameters in the spatial transformation can be derived. Once the optimal
mapping is determined, the same set of mapping parameters is applied to the subsequent
NHM Direct Model Output (DMO) rainfall forecasts obtained in the same model run.
The phase-corrected NHM rainfall fields are then added to SWIRLS QPF
according to the following operational schedule:

RRAPIDS (τ ) = wNHM (τ ) × RNHM ( H + τ ) + [1 − wNHM (τ )] × RSWIRLS (τ )
(1)

τ = 1,2,K,6 h
where τ denotes the forecast hour of RAPIDS. H is the time lag difference in hours
between the initial time of RAPIDS forecast and the NHM model run, taking into
consideration the time required for observation data cut-off for input to HKO-LAPS and the
computation time spent in model integration. In the current version, H equals to 3 but it is
a tunable parameter in the blending algorithm.
The weighting factor of NHM forecast ( wNHM ) within the 6-hour forecast
time window is given by the formula below:

⎛ β −α ⎞
wNHM (τ ) = α + ⎜
⎟ × {1 + tanh[γ (τ − 3)]}
⎝ 2 ⎠

(2)

In Equation (2), α and β are the values at the lower and upper boundaries respectively (i.e. at
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τ=0 and τ=6). They are determined in real time by verifying the NHM and SWIRLS QPF
against the hourly radar-rainfall analysis. Both spatial and intensity errors are taken into
account in the verification process (Venugopal et al. 2005). γ in Equation (2), representing
the steepness of the mid-section of the hyperbolic weighting function and effectively
controlling the transition of SWIRLS-based QPF to NHM-based QPF, is currently arbitrarily
set to unity for operational implementation. A schematic illustration of the weighting
function is shown in Figure 2.

3.

Performance of Operational Trial

RAPIDS has been put into operational trial since April 2005. Figure 3 presents
the verification results in terms of POD (Probability Of Detection), CSI (Critical Success
Index) and FAR (False Alarm Ratio) for RAPIDS, NHM (with and without phase correction)
and SWIRLS during the rain season from May to September in 2006. About 180 forecast
cases are verified against a rain/no rain criterion (using a threshold at 1 mm/hr) at individual
grid points according to the actual radar-rainfall analyses over a targetted domain in the
vicinity of Hong Kong (about 5% of the full RAPIDS domain). It can be readily seen that
the design objective of RAPIDS, i.e. extending QPF reliability to a range of 6 hours by
blending and optimizing the benefits of two different forecasting systems (SWIRLS, as a
nowcasting system, and NHM, as a NWP input) is only partially achieved.
In terms of POD, RAPIDS is generally superior to SWIRLS and NHM. In terms
of CSI and FAR, however, RAPIDS performance fails to beat SWIRLS. At the moment, the
experimental NHM is still under tuning and development, especially in the data assimilation
and analysis processes which largely determine how well convection is simulated in the first
few hours of integration. Separate validation exercises for NHM QPF, not shown here,
indicates that the model’s forecast precipitation tends to be in general more widespread and
more intense than observed rainfall fields. Even towards the end of the 6-hr forecast period,
NHM QPF as yet has no conclusive advantage over SWIRLS QPF, performing only
marginally better according to the validation statistics computed for the rain season of 2005
(not shown here). As such, inclusion of NHM QPF in RAPIDS, despite its lower weighting,
has apparently led to an undesirable increase in FAR and decrease in skill scores as compared
against SWIRLS QPF. Therefore, more work is being done to critically assess the validity of
NHM QPF on a real-time basis, particularly in the near range in aspects such as rain intensity
and spatial coverage, such that the contributing influence of NHM QPF in the first few hours
of forecast can be more adequately handled by the weighting factor through the dynamic
adjustment of function parameters in Equation (2).
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4.

Case Studies of Tropical Cyclone Rainbands

Operational experience and verification results have previously suggested that the
SWIRLS QPF is particularly skilful for the nowcasting of rainstorms where the advection
term is dominant and echo intensity changes are not drastic, such as in the cases of spiral
rainbands associated with tropical cyclones. With three tropical cyclones (namely T.
Chanchu [0601], T. Prapiroon [0606] and S.T.S. Bopha [0609]) passing within the radar range
of Hong Kong in 2006, the opportunity was taken to assess how effective RAPIDS performed
in those situations.
(a) T. Chanchu (0601)
The outer rainbands of Chanchu affected Hong Kong on 17 May. Figure 4 shows
the phase correction of NHM T+3 hr forecast for 9 am that morning, shifting Chanchu’s
rainbands further to the south according to the observed radar reflectivity fields at the time.
The phase correction was then imposed on NHM DMO QPF for the rest of the forecast
period. For example, NHM phase-corrected T+9 hr forecast was then merged with SWIRLS
T+6 hr forecast valid at the same time at 3 pm later in the day (Figure 5). The RAPIDS T+6
hr QPF thus derived compared favourably with the observed rain patterns both from radar as
well as from SWIRLS radar-rainfall analysis.
(b) T. Prapiroon (0606)
A similar process was applied to the outer rainbands of Prapiroon that affected
Hong Kong on 3 August. Figure 6 shows NHM phase-corrected T+7 hr forecast merging
with SWIRLS T+4 hr forecast to obtain RAPIDS T+4 hr forecast valid at 11 am that day.
While the phase correction and blending algorithms generally achieved what they set out to
do, an interesting observation here was that when compared against SWIRLS radar-rainfall
analyses at 11 am and 12 noon, RAPIDS forecast actually seemed to match better with the
latter, i.e. RAPIDS produced a forecast one hour ahead of actual event. This suggested that
over the forecast period, the phase difference continued to propagate forward in time, and
applying the phase correction algorithm on a one-off basis at the start of the forecast process
might not be sufficient in certain circumstances. Another point to note from the case was
that under the present blending process, RAPIDS would also inherit any bias that were
present in the NHM QPF, such as the tendency to over-predict rain intensity.

-6-

(c) S.T.S. Bopha (0609)
Unlike the previous two cases, Bopha was a relatively weak system by the time it
came near to Hong Kong. Most of the rain induced by Bopha on the night of 9 August were
evening thunderstorms triggered inland and advected to the coast near Hong Kong around
midnight. Figure 7 shows the merging of NHM phase-corrected T+4 hr forecast and
SWIRLS T+1 hr forecast valid at midnight (i.e. 00 HKT on 10 August). The RAPIDS T+1 hr
QPF thus derived in general compared favourably with the observed rain patterns both from
radar as well as from SWIRLS radar-rainfall analysis, though with a slight tendency of
lagging behind events. In this case, convection propagation probably led to an earlier
arrival of rain in Hong Kong, i.e. slightly faster than the movement speed purely due to
advection as deduced by RAPIDS.
(d) Summary
QPF validation in terms of POD, CSI and FAR, similar to those carried out in the
months of May – September 2006 in Figure 3, was undertaken over 80 forecast cases for the
three tropical cyclones mentioned above. Again, in terms of POD, RAPIDS produced
generally superior performance. But now in terms of CSI and FAR, RAPIDS also began to
show promises at forecast range beyond 4 hours.
The case studies illustrated above also reveal some shortcomings that require
further attention. In some cases, a one-off phase correction step may not be adequate, as
phase differences may continue to build up in time. Also, in cases where the convection
propagation term dominates, pure advection may not be able to keep pace with the
developing situation. The spatial shift approach also would not be able to handle
adequately errors arising from bias in the prediction of rain intensity. As such, more
development work in the blending scheme is required, such as the tuning of weighting
parameters in consideration of intensity discrepancies, incorporation of more propagation
information from NHM QPF, and exploring the implementation of a more frequently
updated cycle to ensure that the phase shift parameters are optimized in step with the
evolution of rain systems.

5.

Summary and discussion

RAPIDS, incorporating QPF from SWIRLS’s advection-based nowcasting
techniques and NHM, is currently under trial operation at HKO. The new system gives
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promising performance in terms of combining the skills of SWIRLS and NHM QPF through
an optimal blending scheme. Case study and verification results in terms of POD show
some partial success in extending QPF beyond the nowcasting range of 3 hours.
Enhancement of skill scores and the reduction of false alarms are the next targets to achieve
in making RAPIDS an overall more reliable QPF guidance tool.
Apart from further development works in connection with NHM itself, planned
enhancement and fine-tuning of RAPIDS are aimed at reducing the false alarms by exploring
a more robust phase correction scheme, using additional parameters from NHM forecasts like
stability conditions and diagnosis of governing factors on heavy rain and severe weather.
Growth and decay processes in SWIRLS advection scheme will also be explored. In
addition, the use of hourly updated NHM will open up future possibilities in the
development of probabilistic QPF using time-lagged ensemble techniques.
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Figure 1 -

Schematic diagram showing the components in RAPIDS
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Figure 2 - Weighting function of NHM QPF for blending within the 6-hour forecast
time window.
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(a)

(b)

Figure 3 - RAPIDS verification scores for
May – September 2006, compared with
SWIRLS and NHM (with and without phase
correction) QPF: (a) POD; (b) CSI; and (c)
FAR.

(c)
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Figure 4 – The shifting of Chanchu’s rainbands southwards, from (a) to (b), by the phase
correction algorithm in accordance with: (c) the observed radar reflectivity pattern.
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Figure 5 – Blending of NHM and SWIRLS QPF for RAPIDS 6-hr forecast of Chanchu’s
rainbands valid at 15 HKT on 17 May 2006; clockwise from top left: (a) NHM DMO T+9 hr
QPF; (b) NHM phase-corrected T+9 hr QPF; (c) SWIRLS T+6 hr QPF; (d) RAPIDS T+6 hr
QPF, merging (b) and (c); and validating against: (e) radar image and (f) SWIRLS
radar-rainfall analysis valid at the same time.
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Figure 6 – Blending of NHM and SWIRLS QPF for RAPIDS 4-hr forecast of Prapiroon’s
rainbands valid at 11 HKT on 3 August 2006; clockwise from top left: (a) NHM DMO T+7 hr
QPF; (b) NHM phase-corrected T+7 hr QPF; (c) SWIRLS T+4 hr QPF; (d) RAPIDS T+4 hr
QPF, merging (b) and (c); and validating against SWIRLS radar-rainfall analysis valid at: (e) 12
HKT and (f) 11 HKT.
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Figure 7 – Blending of NHM and SWIRLS QPF for RAPIDS 1-hr forecast of Bopha’s rainbands
valid at 00 HKT on 10 August 2006; clockwise from top left: (a) NHM DMO T+4 hr QPF; (b)
NHM phase-corrected T+4 hr QPF; (c) SWIRLS T+1 hr QPF; (d) RAPIDS T+1 hr QPF,
merging (b) and (c); and validating against: (e) radar image and (f) SWIRLS radar-rainfall
analysis valid at the same time.
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(a)

(b)

Figure 8 - RAPIDS verification scores for the
three tropical cyclone cases (Chanchu,
Prapiroon and Bopha) in 2006, compared
with SWIRLS and NHM (with and without
phase correction) QPF: (a) POD; (b) CSI; and
(c) FAR.
(c)
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