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Abstract: Reverse Kessler warm rain processes were implemented
within the Weather Research and Forecasting Model (WRF) and
coupled with a Newtonian relaxation, or nudging technique designed
to improve quantitative precipitation forecasting (QPF) in New
Zealand by making use of observed radar reflectivity and modest
computing facilities. One of the reasons for developing such a
scheme, rather than using 4D-Var for example, is that radar VAR
scheme in general, and 4D-Var in particular, requires computational
resources beyond the capability of most university groups and indeed
some national forecasting centres of small countries like New Zealand.
The new scheme adjusts the model water vapor mixing ratio profiles
based on observed reflectivity at each time step within an assimi-
lation time window. The whole scheme can be divided into following
steps: (i) The radar reflectivity is firstly converted to rain water, and
(ii) then the rain water is used to derive cloud water content
according to the reverse Kessler scheme; (iii) The cloud water
content associated water vapor mixing ratio is then calculated based
on the saturation adjustment processes; (iv) Finally the adjusted
water vapor is nudged into the model and the model background is
updated. 13 rainfall cases which occurred in the summer of 2011/2012
in New Zealand were used to evaluate the new scheme, different
forecast scores were calculated and showed that the new scheme was
able to improve precipitation forecasts on average up to around 7
hours ahead depending on different verification thresholds.

Key words: Nudging, assimilation, radar reflectivity, precipitation,
warm rain

1. Introduction

Quantitative precipitation forecasting (QPF) plays an import-
ant role in both meteorological and hydrological risk manage-
ment. However, probably largely due to the inaccuracy of
initial fields and the associated “spin-up” problem, QPF does
not usually produce results of high accuracy. It is to be hoped
that improved data assimilation will be able to improve initial
backgrounds and thus significantly improve QPF on short term
scale. Weather radar networks, like the one operated in New
Zealand by MetService Ltd. (NZ MetService) (Crouch, 2003),
are able to provide very high spatial and temporal resolution
rainfall observations and the availability of such data allows

Corresponding Author: Sijin Zhang, Physics Department, the
University of Auckland, Room 724, The Science Centre, Building
303, 38 Princes Street, Auckland, New Zealand.

E-mail: szha226(@aucklanduni.ac.nz

\?_3/ Korean Meteorological Society

the use of radar reflectivity and Doppler velocity to initialize
models with better precipitation fields.

There are various approaches for assimilating radar observa-
tion in NWP models for QPF. These approaches usually have
different target variables to adjust, different effective periods
and different computational resources demands. The variational
(VAR) technique have been implemented to assimilate variety
types of observations, including radar reflectivity and Doppler
velocity (e.g., Xiao et al., 2002; Barker et al., 2004; Huang et
al., 2009; Barker et al., 2012). Encouraging results have shown
that it can be effective to assimilate radar data for mesoscale
NWP (e.g., 4D-Var radar data assimilation experiments de-
scribed by Sun and Wang (2013)). However, the performance
of VAR is affected by a number of constraints in the cost
function (e.g., the continuity, the reflectivity conservation and
spatial smoothness) (Sun, 2005) and the availability of large
computation resources (e.g., the calculations of 4D-Var, are
usually performed at a coarser grid than that which the model
is actually run, which can be much coarser than the radar
observation, due to the expensive computational demand (e.g.,
Sokol and Zacharov, 2012)). Another limitation of VAR is the
assumption of Gaussian error distribution (Dance, 2004).
Moreover, in the current version of Weather Research and
Forecasting (WRF) model 3D-Var radar data assimilation
system, the linearization error of the existing reflectivity as-
similation operator may cause the difficulty in convergence of
a cost function when the background rainwater is very small
(Sun and Crook, 1997; Wang et al., 2013a).

The Ensemble Kalman Filter (EnKF) is another method,
which has a demonstrated potential for incorporating radar data
into models (Sun, 2005) and may require less computational
resources compared to 4D-Var depending on number of en-
semble members and resolution (e.g., Snyder and Zhang,
2003; Zhang, et al., 2004). Caya et al. (2005) found that the
EnKF scheme performed less well than 4D-Var in the first two
cycles (by using 4D-Var Doppler Radar Analysis System
(VDRAS) and simulated radar data) while the techniques had
comparable performance thereafter. Moreover, from an oper-
ational viewpoint, the number of members for the EnKF must
be limited, which influences the accuracy of the error charac-
teristics and consequently the accuracy of the forecast would
be compromised correspondingly (Sokol and Zacharov, 2012).

An alternative simple technique - nudging, which is set up
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based on an algorithm in which the model is set equal to
observed values, presented the potential for assimilating radar
observations at high resolution but with less computational
cost (e.g., Stauffer and Seaman, 1990, 1994; Stephan et al.,
2008; Dixon ef al., 2009) . The application of nudging is often
carried out on the (very) short-range precipitation forecasts
operationally because the computational demands of the 4D-
Var and EnKF methods (Sokol and Zacharov, 2012). For pre-
cipitation nudging, a widely used scheme is the “latent heat”
(LHN) method which was firstly designed by Manobianco et
al. (1994). Similar approaches have been developed and
implemented in the UK Met. Office Mesoscale Model (Jones
and Macpherson, 1997) and the Bologna Limited Area Model
(BOLAM) (Davolio and Buzzi, 2004). The LHN rescales
model latent heat profiles by the ratio of derived surface rain
rates and model precipitation and it has been proven to be an
effective method in improving precipitating in the first few
hours of forecast. Another alternative idea, which is usually
referred as physical initialization (PI), was developed based on
the assumption that updrafts associated with horizontal hu-
midity flux convergence in the lower part of the cloudy
column lead to rain formation. This scheme was first inves-
tigated in tropical regions (Krishnamurti et al., 1991), the
satellite observed rainfall rates and vertically integrated radia-
tive heating rates were used to diagnose the surface fluxes of
water vapor and sensible heat, and a reverse cumulus paramet-
erization algorithm was employed to analyse the humidity
variables according to the imposed precipitation rates. Outgoing
longwave radiation (OLR) matching was used to improve the
model cloud cover distributions. Similar algorithms were
developed and implemented by Nunes and Cocke (2004) in a
regional spectral model over South America. For radar
reflectivity PI, Haase et al. (2000) developed a method (Phy-
sical Initialization Bonn (PIB)) adjusting the model vertical
wind using a simplified precipitation mechanism and assigning
relevant specific water vapor and cloud water according to the
vertical distributions of cloud (In this scheme, the cloud top is
estimated from satellite or using 3D radar observation (Yang et
al., 2006) and cloud base height is set to lifting condensation
level (LCL) derived from synoptic observation). Another
simple but effective reflectivity assimilation approach by
nudging is the Water Vapor Correction (WVC) method (Sokol
and Rezacova, 2009). By using the empirical relationship bet-
ween water content and reflectivity obtained from two Joss-
Waldvogel disdrometers located at Locarno-Monti, Swizerland
during the Mesoscale Alpine Programme (MAP) (Hagen and
Yuter, 2003), this method was tested using the Local Model
(LM) COSMO (Stephan et al., 2008) in Czech Republic (CR)
and results showed that the WVC method was able to suc-
cessfully improve the LM forecasts of CR significantly in
short range forecasts of precipitation.

For assimilating radar reflectivity observation in WRF with
modest computational resources, this paper presents an alter-
native method for radar assimilation other than the WRF VAR
direct radar assimilation system (avoiding the linearization

error of the current WRF 3DVar direct radar reflectivity as-
similation (Wang et al., 2013a) and expensive computational
demands). The new scheme is inspired by the WVC technique
and the idea of Krishnamurti et al. (1991), and based on
reversing the Kessler warm rain processes (RK-nudging)
(Kessler, 1969). In the new scheme, the target nudging water
vapor is obtained from the usual Kessler warm rain processes
and corresponding saturation adjustments in reverse order:
(rain water ¢, — cloud water g, — water vapor ¢,). Overall,
the principle of this method is similar to the LHN and WVC
approaches, which are standard options for some operational
model systems like the Unified Model (UM) and COSMO
model, as the precipitation is increased or decreased by adding
(removing) water vapour flux into (from) the model back-
grounds. The adjustment (releasing/absorbing) of heat could
be caused by oversaturation or undersaturation after the cor-
rections of water vapour and then at subsequent model inte-
gration steps, the corresponding phase changes and relevant
effects on the heat balance may be implicated.

However, in the LHN method, the potential temperature
increments are based on a scaling of the profiles of R, /R,,,
where R, indicates the observed rain rate (or the analysed rain
rate which is a weighted combination of the observed rain rate)
and R,, represents the model background (or “first guess™) rain
rate. It is apparent that this will not work when the background
is “dry” (R,, = 0). One approach to address this issue is “bor-
rowing” the moisture-related fields from the nearest “wet” grid
point, but clearly it might introduce significant errors, espe-
cially when we try to trigger isolated cell which is far away
from the main rain band. Therefore, in comparison of the LHN
method, the new scheme can be implemented in the “dry”
model background though a physical rather than mathematical
argument. Moreover, in contrast to the radar reflectivity PI
approach, the RK-nudging scheme has the capability of
processing 3D radar volume scanning information without the
estimation of cloud distributions (e.g., cloud top and bottom
height) before the assimilation using other types of observa-
tions (e.g., satellite and synoptic observations). In addition, the
new approach, which is set up based on the well tested Kessler
warm rain scheme, does not require the coefficients which
have to be determined over a large number of cases studies as
is necessary in the WVC approach. Thus, the RK-nudging
method has the potential to be straightforwardly implemented
in different regions for different types of precipitation.

The processes of adjusting the model backgrounds in WRF
by the RK-nudging scheme can be described as: (i) the as-
similation scheme starts by adjusting the model water vapor
mixing ratio: the derived rain rate q,,,,, from reflectivity is
used to calculate the corresponding cloud water increments Ag,,
and then Ag, is converted to the water vapor mixing ratio. At
this step, all required intermediate variables are obtained from
existing model states. (ii) After the temporal and spatial linear
interpolations, the increments of water vapor is nudged into
model and used to adjust the original model state (In real
applications, we found that, by the appropriate spatial linear
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smoothing of the target radar reflectivity data before nudging,
it appeared that the assimilation process could be speeded up
due to smoother data being incorporated. Although the effects
were trivial for most cases and it risks the loss of small
structures in observed precipitation patterns, it still could be
helpful that if there are only very limited computational
resources available). (iii) at the subsequent integration time
step, the adjusted water vapor is applied to diagnose precipi-
tation fields (e.g., cloud and rain water) according to the usual
formulations of the Kessler warm rain scheme.

The paper is divided into 5 sections: the section 2 introduces
the RK-nudging algorithm. The evaluation of 13 cases which
occurred in the summer of 2011/2012 in New Zealand by the
RK-nudging is presented in Section 3. Discussions and conclu-
sions are given in Section 4 and Section 5, respectively.

2. The RK-nudging assimilation scheme

“Warm rain” refers to rain derived from clouds without ice-
phase processes. Warm rain can be considered as a relative
simple, but integral component of precipitation system (e.g.,
Lau and Wu, 2003) as its capability of effective adjusting
moistening and heating in a convection system. The Kessler
scheme (Kessler, 1969) presents a very simple warm rain
parameterization which is still widely used today (e.g., Ogura
and Takahashi, 1973; Dudhia, 1989; Schultz, 1995). In this
paper, the Kessler scheme has been reversed (RK) in order to
adjust the model profile of water vapor mixing ratio according
to observed radar reflectivity. In the RK-nudging scheme, the
increments of rain water mixing ratio between radar derivations
and model backgrounds are assumed to be entirely resulted
from the autoconversion, accretion and evaporation processes.
Most moisture related states, except rain water, cloud water
and water vapor, are updated by the model dynamical and
physical processes themselves according to the adjusted water
vapor at subsequent time steps. The orographic effects, which
present in most regions of New Zealand, especially in the
South Island, can provide the forced upward motion for the
RK scheme after the saturation adjustment. There are mainly
four steps to implement the RK nudging scheme into model:

(i) Firstly, the rain water mixing ratio associated with radar
observed reflectivity is determined according to the reversed
Z — g, relationship (Sun and Crook, 1997):

1 Z—cy/cy

qr-radar = ;10 s (1)

where Z is the reflectivity in dBZ, p1is the air density and q,., ..
indicates the rain water mixing ratio derived from radar. ¢, and
¢, are constants equal to 43.1 and 17.5, respectively. This
equation is also employed as the nonlinear observation operator
H for WRF 3D-Var direct radar reflectivity assimilation system,
and the performance of this equation as H has been investi-
gated in detail by Wang et al. (2013a).

(i) The difference between model rain water and radar
derived rain water can be represented as:
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Aqr = qr—mdar - qr . (2)

Therefore, if Ag, >0 (the model rain water is underesti-
mated), we assume that the increments of rain water are entirely
defined by the increments of cloud water, thus following
equation can be symbolically used to approximate the Ag,
producing processes:

Agq,=A4,(Aq) +Clq, Aq.) - E,, 3

where 4, C and E, represent autoconversion, accretion and
evaporation, respectively. ¢, is model rain content. Ag, is used
to represent the changes of cloud water leading the rain water
adjustments. The different terms of above equation are given
by (Kessler, 1969; Klemp and Wilhelmson, 1978):

A4(Aq,) = k/(Aq, - a), “4)
C(Aq., q,) = k(Aq.)q,’, %)
g -1 _CU-4/9.)(Pg)">" ©)

P5.4x%10°+2.55% 10%/pq,,

where k,, k, and a are all constants and in this paper they have
been selected as: k, =0.001 57", k,=2.2 5", a=0.001 gg'. C is
the ventilation factor. ¢q,, g, and g, are water vapour, rain water
and saturation mixing ratio, respectively, and p and p re-
present density of air and pressure, respectively. Thus, the
increments of cloud water can be simply represented as:

dqrkak, )

7
ky+kyq, @

Agq.= max[

(iii) The conversion between cloud water and water vapor in
this procedure is defined by the saturation adjustment described
by Soong and Ogura (1973) and Klemp and Wilhelmson
(1978). In contrast to the values after the saturation adjustment
(g, and g,), the dummy values which only take into account
the dynamical terms in the model prognostic equations for
water vapor and saturation mixing ratio are represented by ¢,
and g, , respectively. If ¢, >gq,,, the air is oversaturated while
it is not permitted in the model. Thus, the original over-
saturated water vapor (g, ) is adjusted to g, = q,—7r(q,—qss)
with r=[1+ {237a7r€q;,/(;r39*—36)2}(L/cpﬁ)]" . Considering the con-
servation equation ¢,+q.=¢,+q. (Klemp and Wilhelmson,
1978), the increments of water vapor in the RK-nudging
therefore can be written as:

Aqv=maX[Ach—qurqu,v,O-O], (8)

where 7, is the non-dimensional pressure, a =17.2694 and
6 * is the potential temperature before the adjustment. In 7=
7m,+An/2, Aris the non-dimensional pressure difference bet-
ween two levels that the air is in the moist adiabatic process.
Similarity, if Ag, <0 (the model rain water is overesti-
mated), Ag, and Ag, can be addressed using a similar form of
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Table 1. Selected cases and the associated daily accumulated rainfall (mm) observed by NIWA/NZ MetService.

Date Daily accumulated rainfall (mm)
Case number
(dd/mm/yy)  Auckland ~ Whangarei Rotorua Wellington Nelson  Christchurch Queenstown Invercargill

1 01/11/2011 103 14.5 - - 12.7 - - -

2 09/11/2011 1.0 0.6 0.8 13.6 55 15.2 0.2 0.0
3 20/11/2011 0.0 0.0 0.0 1.8 0.2 74 18.8 11.6
4 21/11/2011 0.2 0.0 0.2 0.8 0.2 154 2.8 0.0
5 04/12/2011 -- 3.6 04 - - 0.0 0.0 0.0
6 15/12/2011 19.8 3.6 194 11.6 38.6 214 3.8 0.2

7 29/12/2011 29.8 12.5 12.6 9.6 472 0.0 0.0 0.0
8 30/12/2011 36.8 12.5 68.6 43.2 28.6 1.2 0.0 0.0
9 31/12/2011 7.2 30.0 68.4 16.0 0.2 0.6 0.0 0.0
10 07/01/2012 26 -—- 63.2 3.6 0.0 0.2 0.0 0.0
11 08/01/2012 44 - 11.8 39.6 1.5 2.6 0.0 0.0
12 12/01/2012 4.6 32 8.8 7.2 7.0 8.0 10.2 23.9
13 13/01/2012 0.4 0.0 0.2 0.0 0.0 0.2 19.6 25.1

Eqgs. (7)-(8), the only different is to keep Ag, and Ag, less than
(or at least equal to) zero in the nudging processes.

. Aq +k1a+E
Aq, = min| 24 KATE, 9
q. mm[ g } ©)
Ag,= min[Arqc_qurqm, o.o} . (10)

(iv) Finally, Ag,is used to adjust the model background
water vapor mixing ratio using the WRF Obs-nudging system
(Liu et al., 2005). The nudging factor was selected to 3 x 107
s~ for all cases in order to keep the model stability and still
give the priority to the model physical and dynamical pro-
cesses during the integration processes (Stauffer and Seaman,
1989). The horizontal influential radius was given to 3.0 km,
which is equal to the model spatial resolution. It is helpful to
keep the model stability as the effects of assimilation would
not be too widespread and each grid point was determined
largely by the most closely adjacent observed value. The
vertical influential radius (77) was set to 0.1 as this value is a
reasonable value suggested by WRF User’s Guide. Considering
that we just made a one-time nudging and no phase error was
considered, a short temporal influential radius was set (30 min).

It is worthwhile to mention that, the entire data assimilation
scheme is set up according to the liquid only microphysics
scheme, which may cause errors in the assimilation of heavy
rainfall event. Detailed analysis for the limitation of the scheme
can be found in Section 4.

3. Results and discussions

In this section, the evaluations of the assimilation scheme
with a selection of 13 cases were drawn from the summer of
2011/2012 (between November 2011 and January 2012). Syn-

optic analyses (not shown) indicate that most of these events
either resulted from moist air masses developing in the Tasman
Sea or were generated locally by the orographic impacts of
South Alps, which mean that these 13 cases have covered most
common precipitation generation mechanisms that occur during
a NZ summer. The daily accumulated rainfall observed by NZ
National Institute of Water and Atmosphere Research (NIWA)
/ MetService of these 13 cases are presented in Table 1.
Currently, NZ MetService runs seven Doppler C-band radars
at Auckland (AKL), Bay of Plenty (BOP), Christchurch
(CNY), Invercargill (INV), Mahurangi (MAH), Napier (NPL)
and Willington (WLG). There are additional two radars due for
installation by the end of 2013. The spatial resolution of the
radars is range-dependent from about 150 m to a few kilo-
metres and around 7 minutes in time with 7 levels, which is
sufficient to characterise most types of precipitation. The scan
covers an area out to a range of about 480 kilometres. The
national radar network not only covers all metropolitan areas
and most coast regions of New Zealand, it also provides limited
offshore forecast ability that extending the high resolution
observations to the maximum about 200 km out of the coast.
All cases were initialized using previous 6 h free forecasts
from WRF (the free forecasts were initialized with NCEP
1° x 1° Final Analysis Data) as in the operational configuration
of the MetService system, most models are updated four times
a day (It is worth noting that, currently, synoptic observations
are assimilated into the MetService system operationally, thus,
the results shown in this study, which with only radar reflec-
tivity assimilated, may be slightly different from the expected
one obtained from the future operational application). Observed
reflectivity from the NZ MetService radars was incorporated at
0000 for the Da runs (as Fig. 1. In this paper, we did not
update the backgrounds continuously with nudging since the
main purpose of this paper is investigating the “immediate”
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Fig. 1. Experimental designs for all selected cases. Ctl run: initialized
with only previous 6 h free forecasts at 0000 UTC; Da run: initialized
with radar reflectivity and previous 6 h forecasts at 0000 UTC.

response of WRF from the one time RK-nudging scheme
process). The errors associated with phase changes were not
considered in this paper, but it is worthwhile to mention that,
within the 30 min of time window, there might be significant
changes in the precipitation distribution and intensity. For
example, in Fig. 2, the precipitation located in the west coast
of New Plymouth was apparently strengthened from (T+0) to
(T+30min). Errors might be caused if we use the (T+0) ob-
served reflectivity to represent the characteristics of precipi-
tation over the entire 30 min.

The model was configured with two domains (Fig. 3), the
outer domain (DO01) covers the Tasman Sea with the horizontal
grid resolution of 9 km, and the inner domain (D02) covers
New Zealand and the surrounding waters at 3-km grid spacing.
This configuration was established considering both the current
available computational resources and the operational demands
in New Zealand (at current stage, the highest resolution of all
models run by the NZ MetService is lower than 3 km). The
model physics options adopted in this paper include: the
Kessler scheme was adopted for microphysics processes. Other
parameterizations used include the Rapid Radiative Transfer
Model (RRTM) scheme (Mlawer et al., 1997) for long wave
radiation and the Dudhia scheme (Dudhia, 1989) for short
wave radiation, the Yonsei University (YSU) scheme (Noh et
al., 2003) for planetary boundary layer parameterization. The
verifications were starting from 0100 UTC. One hour model
rainfall accumulations were verified against one hour radar
derived rainfall accumulations (radar data were spatially
averaged to 3 km) in terms of different thresholds. The hourly
radar rainfall accumulation is estimated using an advection
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Fig. 3. Model outer domain (D01) and inner domain (D02) adopted in
this study. The spatial resolutions for D01 and D02 are 9 km and 3 km,
respectively.

based interpolation scheme (Fabry ef al., 1994; Shucksmith et
al.,2011).

The forecasts were evaluated objectively using both point
wise and fuzzy verification schemes in the region covered by
radars. Firstly, Equitable Threat Score (ETS) and False Alarm
Ratio (FAR) were calculated by comparing radar observations
and forecasts point by point. ETS aims to show that how well
the model predicted precipitation corresponds to observations.
It is ranged between 0 to 1: 0 indicates no skill and 1 indicates
prefect forecast. FAR shows the fraction of forecasted events
for which the event actually does not occur. It is also ranged
from 0 to 1 while 0 indicates perfect skill and 1 indicates no
skill. Secondly, a fuzzy verification method ~ Fractions Skill
Score (FSS) (Roberts and Lean, 2008) is used. FSS is well

(a) T+0 min: observed reflectivity (dBZ) (b) T+15 min: cbserved reflectivity (dBZ) (c) T+30 min: observed reflectivity (dBZ)
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Fig. 2. Phase changes of radar observed reflectivity (dBZ) at 0000 UTC (T+0) , 0015 UTC (T+15min) and 0030 UTC (T+30min) 1

November 2011.
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Fig. 4. Mean ETS scores in terms of different thresholds and lead hours. Horizontal axis indicates forecast lead hours
and vertical axis indicates the average scores. Verification thresholds: 0.5 mmh™ (top-left), 1.0 mmh™ (top-right),

2mm h™' (bottom-left) and 5 mm h™ (bottom-right).
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Fig. 5. Same as Fig. 4 but with FAR scores.

suitable for discontinuous fields (e.g., precipitation) and can be
used to compare forecasts at different spatial scales. FSS
ranges between 0 (completely wrong forecast) and 1 (prefect
forecast) as above. It is worth noting that all of these scores are

(b) Threshold: 0.5mm b~
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088, 2 3 5 7 8 9
Lead hours
(@) ‘
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0.94

—Ctlrun
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largely determined by given thresholds, and it is difficult to
determine if the forecast was useful by using any types of
objective evaluation scores (e.g., setting up an empirical thre-
shold), however, these scores provide an easy way to compare
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Fig. 7. MSLP analysis (Manual) obtained from Bureau of Meteorology, Australia (top) and the associated WRF simulated MSLP

analysis (bottom) at 0000 UTC 1 November 2011.

the relative skill of different forecast approaches or the cap-
ability of same forecast scheme over a certain period (Rossa et
al., 2008; Gilleland et al., 2010).

Scores were averaged over all selected cases in terms of
different thresholds (0.5mmh™, 1.0mmh™, 20 mmh™ and
5.0mm h™') and shown in Fig. 4 (ETS statistics), Fig. 5 (FAR
statistics) and Fig. 6 (FSS statistics corresponding to the verifi-
cation scale of 10 km). From these three figures, we can clearly
see that the RK-nudging scheme was able to improve the
precipitation forecasts significantly, especially for the first 2
hours. When the threshold was set to above 2.0 mm h™', the
forecast skills for both the Ctl and Da experiments were very
low, which means that the assimilation scheme was still not
capable of capturing relatively intense precipitation. The im-

pacts of assimilation reduced gradually with the lead hours
increasing, the positive effects led by the RK-nudging could
endure up to around 7 hours (by ETS and FAR) and 6 hours
(by FSS). After that, the difference between the Ctl runs and
Da runs were not obvious. From the FAR scores, we can easily
find that when the threshold was set to 5.0 mmh™, the
assimilation clearly increased the false alarm ratio during the
first few hours. There are several plausible reasons for that, it
might be, perhaps, that there was spurious high intensity pre-
cipitation wrongly produced by the assimilation, and when
using skill scores to evaluate the forecasts, the wrong precipi-
tation prediction introduced by the nudging processes could
not be offset by its ability of reducing false warnings in other
places when the threshold became high.
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Fig. 8. Hourly accumulated precipitation (mm) for the case of 1 November 2011 at 0100 UTC (T+1), 0200
UTC (T+2), 0300 UTC (T+3), 0400 UTC (T+4) and 0500 UTC (T+5). Ctl run (left column), Da run (middle
column) and the associated radar observations (right column) are plotted with the threshold of 0.05 mm h™'. A-
B indicates the position of the vertical cross section shown in Fig. 9.
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It is worthwhile to make that, from all above statistical
scores, the skills of the Da runs followed the similar trend as
the Ctl runs. For example, high Ctl based scores are usually
associated with high Da based scores and poor Ctl forecasts
also came with poor performance of the assimilation experi-
ments. This indicates that even when observations have been
incorporated into the model using the RK-nudging scheme, the
forecast skills were still largely determined by the model
dynamical and physical processes and simulated synoptic situ-
ations (e.g., if the model could provide correct simulation of
synoptic analysis). Figure 7 gives the difference of low pressure
centers (LPC) from manually produced Mean Sea Level Pre-
ssure (MSLP) analysis obtained from the Bureau of Meteor-
ology, Australia and the associated WRF simulated MSLP
analysis. From Fig. 7, it is obvious that the WRF simulated
LPC located on the southwest of the manually analyzed one,
which could result the wrong simulated location of the main
precipitation band. Apparently, the water vapor adjustment in
this case (Fig. 8) was not enough to correct the pressure system
sufficiently and subsequently made significant changes to the
precipitation development. The results are similar to Sokol
(2009) which suggested that sometimes the nudging based
radar reflectivity assimilation alone is too weak to adjust the
state of the model variables then does not support the develop-
ment of convective activity, and in such case, the assimilation
of satellite data or wind fields may provide more fundamental
impacts on the predicted precipitation development.

Subjective assessments of each case were carried out and the
results showed that the RK-nudging can give considerable
benefit in increasing precipitation areas in accord with radar
observations, while it has only slight improvements on reducing
false precipitation warnings. We present an example of sub-
jective examination for the case of 1 November 2011 (Fig. 8).
From 31 October to 2 November 2011, isolated rain bands
developed in the Tasman Sea and affected NZ. Resulting
heavy rainfalls led to numerous hazards like flooding and
landslides across the country, especially in the North Island.
The radars operated by NZ MetService detected strong echoes
from around 2300 UTC 31 October, and then the echoes moved
rapidly eastwardly and passed out of the radar range after
about 18 hours. The maximum reported reflectivity (over 50
dBZ from 0000 to 1200 UTC) was recorded in some regions
(e.g., Bay of Plenty) in the North Island and the top of the
South Island (from Picton to Nelson region).

Figure 8 gives the comparisons from 0100 UTC (30 minutes
after the end of assimilation time window) between the fore-
casts and observations. The results without (Ctl) and with (Da)
radar adjustments are shown at the left and middle column,
respectively. Associated radar observations are shown at the
right column.

At 0100 UTC, the Ctl run did not predict the precipitation in
the Nelson/Tasman region at all while the Da run showed the
rain band well in this region but with higher intensity in
general. There were isolated light - moderate rainfalls observed
in the central of the North Island where neither experiment
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provided very good simulations. Spurious rainfall areas pre-
dicted by the Ctl run were decreased by the assimilation
processes used in the bottom of the South Island. Generally,
the Da run showed much higher ability to forecast the rainfall
distributions compared to the Ctl run, but both experiments
overestimated the intensity of rainfall in most places.

One hour later (0200 UTC), similar to 0100 UTC, the main
rain bands simulated by the Ctl were still located in the west of
NZ and had almost has no impact on the North Island except
the Northland region. The Ctl run was still not able to produce
clear precipitation in the Nelson/Tasman region although
approximately 5 mm h™' rainfalls were already presented in the
observations. In contrast, the Da run produced an isolated rain
cell along the west coast of the North Island and also, there
were rainfalls presented at the top of the South Island (Nelson/
Tasman region). However, similarity to the Ctl run, the main
rain band simulated by the Da was still located in the west of
the North Island.

The difference between the Da and Ctl runs decreased as the
forecast lead time increases. At 0400 UTC (3 hours after the
end of assimilation), both experiments were failed to provide
satisfactory predictions in the North Island. Spurious echoes
were produced by both experiments in the Central South
Island. However, compared to the observations, the Da pro-
vided better simulations in the Tasman region. Moreover, the
forecasts by the Da run were more realistic in the top of the
North Island compared to the Ctl run.

At 0500 UTC, The Ctl and Da runs provided very similar
results in the North Island. However, the Da run presented a
border precipitation area in the region of New Plymouth, which
is more realistic compared to the associated observations.
Moreover, the rain band affected the South Island already
moved across Picton and the Da run provided better forecasts
in the region.

Figure 9 shows the vertical cross section (the position of the
vertical cross-section is shown in Fig. 8) of simulated rain
water (shaded) and vertical winds (solid contour). It is apparent
that, from (172.00, —39.00) to (172.48, —40.12), where precipi-
tation is mostly over the sea, the vertical winds have been
adjusted by the model physical and dynamical prognostic
formulae after the assimilation processes by adding/removing
water vapor. In contrast, updraft and rain water also can be
strengthened by topography as in the position from (173.2,
—41.8) to (173.44, —42.36), the north section of the South
Alps. Overall, the combination of adjusted water vapor and the
topography would lead to the adjusted updraft, which could
have significant effects on the moisture related fields develop-
ment in the target analysis region.

Generally, for the event of 1 November 2011, the Da run,
which with the observed reflectivity adjustments, was able to
provide higher forecast skills on average compared to the Ctl
run by visually evaluation. However, compared to the asso-
ciated observations, both experiments (Ctl and Da) overesti-
mated the maximum intensity of rainfall significantly at the
beginning although with the lead time increasing, the simulated
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Fig. 9. Vertical cross section (the position of the vertical cross-section is shown in Fig. 8) of simulated rain water (kgkg™)
(shaded) and vertical winds (m s™) (in black solid contour) at 0100 UTC 1 November 2011 for the Ctl run (top) and the Da run
(bottom). Black dot contour indicates the height (m) at each model level.

intensity became more reasonable. Moreover, the accumulated
rainfall patterns were not improved apparently as the main
simulated rain band from the Da run was still located at the
west side of the corresponding observations on average,
especially after 1-2 hours. This shows that the assimilation of
wind fields from Doppler velocity might provide much better
precipitation forecasts for this case. Therefore, the future New
Zealand radar data assimilation scheme should be the imple-
mentation of both the reflectivity and winds operators. In
WRE, there is no linear approximation errors existing in the
Doppler velocity assimilation system, thus, by using the WRF

direct radar assimilation system, the wind assimilation, in most
cases, is capable of providing more positive effects on the
precipitation forecasts compared to the assimilation of reflec-
tivity data (e.g., Xiao ef al., 2005). Therefore, a method similar
to the WRF Variational wind assimilation approach is expected
to be employed at next step but by using the nudging technique
for the incorporation of observed Doppler velocity in New
Zealand.

Figure 10 gives the statistics of maximum rain water vapor
(calculated from the column bottom to top at each grid point
within the radar coverage) distributions at (T+1), which was 30
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minutes after the end of the nudging time window. Horizontal
and vertical axes indicate the values from the Ctl run and Da
run, respectively, for the case of 1 November 2011. It is
obvious that, regardless of whether higher or lower values
were assimilated, the nudging scheme and the model physical
and dynamical processes might drive the expected result the
opposite way: for example, the assimilation of lower radar
derived rain water value (compared to the model backgrounds)
could result higher output after the assimilation processes.
However, for most grid points, when the higher (lower) radar
reflectivity was assimilated to a relative dryer (wetter) grid
point, the model background value could be increased (de-
creased) accordingly. Moreover, from the figure, the perfor-
mance of the RK-nudging on increasing rain water was clearly
better than the capability of decreasing rain water, which was
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reverse Kessler scheme but have not been assimilated into the model
by nudging approach). Top: Ag, > 0. Bottom: Ag, <0.

agreement with the subjective evaluations for most other cases
selected in this paper.

The comparisons between Ag, and the corresponding Ag, for
the event before the nudging processes (Ag, and Agq, were
calculated by the reverse Kessler scheme but have not been
assimilated into the model by nudging approach) are shown in
Fig. 11. Apparently, for both the situations that Ag.> 0 (ob-
served rain water is larger than the model rain water) and
Aq, <0 (observed rain water is less than the model rain water),
the RK process was capable of responding appropriately on
average. For Ag, > 0, the associated Ag, is usually larger than
zero as well and the model water vapor is expected to be
increased by the subsequent nudging processes. In contrast,
when Ag, <0, the model water vapor is expected to be de-
creased accordingly. It is obvious that the scheme does not
provide an proportional relationship between Ag, and Ag,. For
example, for Ag, >0, when the rain water increments were
0.5x 10*kg kg™, the corresponding water vapor increments
were approximately 1.0 x 10°kg kg™ on average, while for
Aq, <0, the water vapor decreased by around 0.5 x 10~ kg kg™
corresponding to the —0.5 x 10" kg kg™ of rain water incre-
ments. Moreover, apparently, if there is no minimization
operator used in Eq. (9), the scheme might provide increased
water vapor increments even when the negative rain water
increments were given, which shows that the model back-
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Fig. 12. The simulated maximum rain water in a column for the Da run (bottom-left) and the Ctl run (bottom-right) and the
associated radar derived rain water (top) at 0100 UTC 1 November 2011 (threshold: 0.2 x 10 kg kg ™).

ground fields might not be well in agreement with the reverse
Kessler scheme at all grid points if the model precipitation is
overestimated.

The WRF simulated maximum rain water in a volume for
both the Da run and Ctl run and the associated radar derived
rain water at 0100 UTC (30 min after the time window) were
also presented in Fig. 12. The relationship between radar
observed reflectivity and rain water is given by Eq. (1). It is
apparent that, compared to the Ctl run, the rain water produced
by the Da run is closer to the actual observation, although both
simulations missed several observed rain water in the west
coast of the North Island. The spurious rain water produced by
the Ctl run in the Northland region has been eliminated by the
nudging processes. The simulated rain water for both experi-
ments usually showed similar magnitude compared to the ob-
servation on average but higher intensity can be found in some
regions than the observed one, which is agreement with the
subjective evaluations and the analysis presented in Fig. 8-10
before.

4. Discussions

Considering the computing resources available for research
applications in New Zealand, we conclude they are inadequate
for 4D-Var radar assimilation at the present time, the RK-
nudging scheme was not only capable of providing better back-
ground precipitation related backgrounds, but also required
less computational resources. In contrast, the 3D-Var system
might lead to segmentation fault or longer adjustment time
(usually > 30 min) under current cluster configurations provided
by New Zealand eScience Infrastructure (NeSI). It makes the
RK-nudging scheme an effective method showing the potential
to be used in the New Zealand future rapid update system.

Although the improvements produced by the RK-nudging
scheme are scored by both subjective and objective evaluation
schemes in the selected events, it is still necessary to mention
the potential limitations of the scheme developed. One of the
most potentially serious limitations of the RK-nudging scheme
comes from the use of the simple Kessler warm rain scheme,
which is a liquid only scheme and does not include ice-phase

changes. This issue becomes more significant as the time
window increases, as Wang et al. (2013b) showed a simple
liquid only microphysics scheme is an acceptable substitute for
the more complex, multi-phases ones only if the time window
is short enough (e.g., less than 1 hour). But it is still worth
noting that, the essential feature of the Kessler scheme is that it
simply separates liquid into cloud water and rainwater based
on the Marshall-Palmer distribution for rain. For heavy rainfall
which is produced by cold cloud processes, even when we
adopt the time window less than 1 hour, the use of a warm rain
processes in data assimilation may still well lead to uncer-
tainties in the production of the “correct” partition increments.
However, considering the complexity of the inclusion of ice-
particle microphysics into model (e.g., the different types of
ice like small ice, snow and hail, and a great variety of particle
sizes and shapes), currently the reflectivity based operators for
most data assimilation systems were still developed according
to the liquid only schemes (e.g., Sun and Wang, 2013; and
Wang et al., 2013b).

On the other hand, even we assume that the use of simple
liquid based scheme is acceptable, the empirical relationship
based Kessler warm rain precipitation scheme still could have
significant errors (e.g., Seifert and Beheng, 2001; Rognvaldsson,
2012). Moreover, oversaturation is not allowed in the RK-
nudging which could cause precipitation to be overestimated
compared to the associated observation. Thus, a more com-
plicated and accurate microphysics scheme is expected to be
employed in radar reflectivity data assimilation in the future.

It is worth noting that, In this paper, there are 13 cases
involved in the assimilation experiments, and the precipitation
forecasts of most of the cases were improved by the RK-
nudging method, but it is still not able to provide a full eval-
uation of the RK-nudging assimilation over all synoptic
characteristics, precipitation features and model backgrounds,
especially when we consider the number of samples of each
type would be decreased dramatically as the verification thresh-
old increases. In order to do that, a longer period of continuous
evaluation (1-3 years) with exactly same operational model
configurations (e.g., at current stage, the assimilation with
synoptic observations is already implemented in the MetSer-
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vice system) is expected to be carried out in the future when
stable computational resources are available.

5. Conclusions

This paper described a simple approach to incorporate radar
reflectivity into WRF whilst avoiding expensive computational
resources, which is essential in New Zealand or other similar
countries that is using WRF but will not have large high
efficient cluster in the near future. By the use of the reversed
Kessler warm rain scheme and relevant saturation adjustments,
the radar rainfall estimates can be assimilated into WRFE.
Reflectivity derived rain water has been converted to associ-
ated water vapor then nudging approach was used to assimilate
the water vapor and adjust the model moisture fields accord-
ingly. The analyses of the RK-nudging approach were only
considering three variables (rain water, cloud water and water
vapor) during the nudging processes while other moisture
related variables, like potential temperature, pressure etc., were
adopted from the model backgrounds. This approach is easily
implemented and does not require large computational re-
sources.

A total of 13 cases with significant rainfall occurred in the
2011/2012 summer of New Zealand have been employed to
investigate the RK-nudging scheme. Reflectivity observed by
NZ MetService radars was incorporated into the model and
initialized the model with previous 6 h forecasts. Different
forecast skill scores (ETS, FAR and FSS) were used to show
the skill changes resulting from the assimilation processes. The
results showed that, the RK-nudging scheme was able to im-
prove the forecasts on average up to several hours depending
on the verification threshold set (e.g., from FSS, 5 hours for
the threshold of 5.0 mm h™" and 6 hours for the threshold of 0.5
mm h™"). However, the improvements produced by the nudging
processes decreased rapidly with the verification threshold or
forecast lead hours increasing. An example of subjective
examination for the case of 1 November 2011 was presented
and the results showed that the RK-nudging scheme was
capable of adjusting moisture and thus promoting the precipi-
tation forecasts in the radar covered regions on average. In this
case, the RK-nudging was able to provide better adjustments in
predicting rainfall location rather than the intensity. Moreover,
the scheme performs better at increasing the rain area than
reducing the incorrectly predicted precipitation areas. The im-
provements resulting from the assimilation in this case also
decreased with the lead hours increasing, and after about 6
hours the improvements introduced by the assimilation became
trivial.

In order to develop effective and economic radar reflectivity
assimilation scheme(s) for New Zealand, the RK-nudging is
expected to be implemented together with other reflectivity
nudging approaches (e.g., WVC technique) in WRF. The com-
parisons between nudging and the more advanced 4D-Var
method (Sun and Wang, 2013; Wang et al., 2013b) will also be
carried out in New Zealand depending on the improved avail-
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ability of computational resources in the future.
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