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1.   INTRODUCTION

A mesoscale real-time four-dimensional data assim-
ilation (RT-FDDA) and short-term forecasting system has
been developed at NCAR/RAP for the U.S. Army Test
and Evaluation Command (ATEC) at the White Sand Mis-
sion Range (WSMR). Built on the Penn State/NCAR me-
soscale model (MM5), the system continuously
assimilates available observations from various sources
and provides updated 3-dimensional analyses and short-
term forecasts every 3 hours. The data assimilation en-
gine is based on the Newtonian Relaxation (nudging)
method. Details of the system and its general perfor-
mance evaluation can be found in Cram et al. (2001) and
Liu et al. (2002).

Previously the nudging method was mostly tested on
the synoptic scale. Few studies have been done with a
fine resolution grid (grid increment of 1-3 km) that can re-
solve fine scale terrain and very local circulations. At the
fine scale, choosing the appropriate nudging parameters,
such as (1) the influence radius of observations, (2) nudg-
ing coefficients and (3) weighting functions, may have a
critical effect on the data assimilation result.

A series of sensitivity simulations are conducted in
this study by gradually changing the three nudging pa-
rameters in the RT-FDDA system. A clear-sky case with
life-cycles of local thermally driven circulations is chosen
for the tests. The methodologies and some preliminary
results are described in this paper.

2.   SPECIFICATION OF THE PROBLEM

The approach of the Newtonian relaxation or nudg-
ing method is to relax the model state toward the ob-
served state by adding, to one or more of the prognostic
equations, artificial tendency terms based on the differ-
ence between the two states. The model solution can be
nudged toward either gridded analyses or individual ob-
servations. Observational nudging is performed in the
RT-FDDA system using traditional observations (rawin-
sonde, metar, ship/buoy reports), as well as non-tradi-
tional observations (mesonet, aircraft reports, profilers
and satellite wind).

In observational nudging, the difference between the
model state and the observed state is computed at the
observation locations, and analyzed back to the grid in a
region surrounding the observations. At a given time step
and grid point (x,t), the tendency term that is added to the
equations is proportional to

Where the summation is over all the observations within
an influence radius of the given grid point. The observa-
tional quality factor, γ, ranges from 0 to 1.

The nudging coefficient Gα determines the relative
magnitude of the nudging term. Under simplified condi-
tions, the model state approaches the observed state ex-
ponentially with an e-folding time of (1/Gα). Therefore
relatively large Gα should be used to effectively nudge
high frequency data. On the other hand, Gα should be
small such that the nudging term is small compared to the
total tendency term in the prognostic equation.

The weighting for observation i is determined by the
spatial and temporal separation of the observation and
the grid point, and can be written as

In the current RT-FDDA system, the horizontal
weighting function is a Cressman-type function

The vertical weighting function and the temporal weight-
ing function are also distance weighted

where R and Rz are the horizontal and vertical radii of in-
fluence, and τ is the half period of a time window.
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Values of the nudging parameters have to be select-
ed empirically. In the current RT-FDDA at WSMR, the
data quality factor γ is1 for all observations. The nudging
factor is set to 6x10-4 s-1 for all variables (u,v,T,q) which
is equivalent to a forcing time scale of approximately 30
minutes. The time window is +/-40 minutes around the
observation valid time. The maximum horizontal influ-
ence radius R is constant for each grid, varying from grid
to grid: 180 km on grid 1, 90 km on grid 2, and 60 km on
grid 3.

In the case where there is a local circulation, a con-
stant horizontal radius of influence without considering lo-
cal terrain effects may result in serious errors in the model
solution. As a simple example, Fig. 1 illustrates that when
an observation is obtained at a site situated near a moun-
tain ridge, the observation may not be representative of
the flow on the opposite side of the mountain ridge. It
would be wrong to propagate that piece of information us-
ing a circular radius of influence.

Figure 1 Schematic plot showing the need for terrain de-
pendent nudging weights.

3.   EXPERIMENTAL DESIGN

This case study is based on a clear-sky event on No-
vember 11, 2001. The current RT-FDDA system is first
run for 22 h after a cold start to provide common restart
files for all the sensitivity runs. Then a set of five assimi-
lation experiments is conducted for 48 h by varying the
RT-FDDA parameters and options (Table 1).

For each experimental run, sixteen analysis/forecast
cycles are conducted for the 48 h period. The grid sizes
are 84x98, 67x70 and 61x61 respectively for the 3 nests
(Fig. 2), and the grid increments are 30 km, 10 km and 3.3
km.  There are 31 vertical levels.

Table 1.  Experiment list.

EXPERIMENT DESCRIPTION

EXP1 (control) current RT-FDDA parameters

EXP2 (no grid3 FDDA) no observation nudging on grid 3

EXP3 (reduced R) R =180, 60, 20 km for grid 1, 2, 3

EXP4 (adjusted weight) terain adjusted nudging weights

EXP5 (nudging factor) Gα=2x10-3 s-1 on grid 3

Figure 2  Domain configuration in RT-FDDA at WSMR.

Among the experimental runs, EXP2 is conducted to
estimate the total impact of observational nudging on grid
3. In EXP3, the horizontal radius of influence R is re-
duced on grid 2 and 3 such that R for each grid is consis-
tent with the grid resolution.

Terrain dependent weights (EXP4 in Table 1) are de-
signed to eliminate the influence of an observation to a
grid point if the two sites are physically separated by a
mountain ridge or a deep valley. For a given observation
and grid point, a terrain search is done along the line con-
necting the grid point and the observation site. If there is
a terrain blockage or a valley (depth > 500 m), the nudg-
ing weight for the observation at the given grid point is set
to zero. Since the terrain features affect surface observa-
tions most, we have tested the algorithm for nudging sur-
face observations only.

The sensitivity experiments are evaluated through
error statistics, local feature identification, and point ob-
servation comparison. To objectively assess the impact
of the nudging parameters, verification statistics are cal-
culated for the analysis/forecasts against a subset of the
rawinsonde and surface observations that is withheld
from the data assimilation. Fine scale features in grid 3,
especially the surface fields (10 m wind U10, V10, 2 m
temperature and moisture fields T2, Q2) are emphasized
in the evaluation.

4. RESULTS OF THE EXPERIMENTS

The overall impact of grid 3 nudging and varying
nudging parameters are first evaluated by calculating the
domain average differences between the experimental
runs and the control run. Fig. 3 shows such differences
for grid 3 surface temperature and wind (vector, denoted
as VT10 thereafter) fields. The differences between
EXP2 and EXP1 reflect the total impact of grid 3 nudging,
and the differences between EXP3-5 and EXP1 reflect
the impact of changing the nudging parameters.

For both surface temperature and wind, the impact
sizes exhibit daily cycles. The impact is the largest during
early afternoon hours when the locally induced features
are most prominent. Similar daily cycles are also seen in
the Q2 field (not shown).



The maximum domain average effect caused by grid
3 observational nudging is about 2.8 K on T2 and 5 ms-1

on VT10 (solid lines). When the horizontal radius of influ-
ence is reduced (EXP3), the impact on T2 is about 1/2 of
the total nudging impact. When terrain-adjusted weights
are used (EXP4), the impact size is further reduced and
is about 0.8 K for T2 and 3.2 ms-1 for VT10. When the
nudging coefficient is changed (EXP5), a relatively large
impact is also seen, especially in VT10.

The magnitudes of the various curves for VT10 are
closer to each other than those for T2, reflecting a larger
sensitivity of the wind to changes in the influence radius,
nudging weights and nudging coefficient.

Figure 3 Root-mean-square differences between experi-
mental and control runs for surface temperature T2 and
wind VT10 respectively. Plotted are differences between:
EXP1/EXP2 (solid), EXP3/EXP1 (heavy dashed), EXP4/
EXP1 (dotted-dashed), and EXP5/EXP1 (thin dashed).

The local structures of the difference fields can be
significantly stronger than the domain average values.
Fig. 4 shows the instantaneous difference fields between
EXP3,4 and EXP1 at 21 Z (33 h from cold start; 2 pm local
time). In both EXP3 and EXP4, the maximum local wind
changes (from the control) can be as large as 12 ms-1,
and the temperature differences can reach 4-5 C.

The structures are correlated to the terrain features
(Fig. 4c). Although not all the features in the difference
fields can be readily explained, some of them are corrob-
orated by individual observations. For example, both
EXP3 and EXP4 produce higher T2 in the upper right cor-
ner of the domain (eastern slopes of the mountains -area
marked B in Fig. 4c). Surface observations in this region
show that the control run has a large cold bias of about -
6 C at the hour. With terrain-adjusted weights, the cold
bias is reduced to about -4 C.
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In general, MM5 is known to produce cold bias at
noon and warm bias at midnight, which tends to reduce
the amplitude of daily temperature variation. From this
perspective, the colder temperatures in the central valley
of grid 3 from EXP3 (Fig. 4a) is somewhat undesirable.
We have examined the time series of T2 at selected grid
points and averaged over domain 3 (not shown). Nudg-
ing on grid 3 clearly enhances the daily cycle of T2 (EXP1
vs EXP2). When terrain-adjusted weights are used, the
amplitude of the cycle is preserved or slightly further en-
hanced. However, when R is simply reduced (EXP3), the
amplitude of the cycle is slightly reduced.

Figure 4 Differences of surface temperature (T2, con-
tour) and wind (VT10, vector) between (a) EXP3 and
EXP1, (b) EXP4 and EXP1 at 14 MST. The contour inter-
vals are 1 C. The maximum vector is 12 ms-1. (c) Grid 3
terrain.
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The local circulation is another feature of interest.
There are two regions of significant wind changes in Fig.
4. In region A (near a hill top), the convergence is signif-
icantly enhanced in EXP3 and EXP4. Region B is asso-
ciated with a larger mountain range. Examination of the
mean convergence at the mountain top (Fig. 5) shows
that without nudging on grid 3, the local upslope circula-
tion starts to develop around 10 am. When nudging is
performed on grid 3, the local circulations become much
stronger. The terrain-adjusted weights slightly affect the
mean convergence around this mountain top while creat-
ing large local wind changes on the slopes (Fig. 4b).

Figure 5 Mean convergence at the mountaintop area C.
The curves are for EXP1, EXP2, and EXP4, respectively.

Figure 6 Hourly verification statistics on grid 3: mean ab-
solute error in T2 and WD (wind direction) for EXP1
(heavy solid), EXP2 (thin solid), EXP3 (dashed) and
EXP5 (dotted dashed).

Verification statistics are calculated against surface
observations for the analysis cycles (Fig. 6 and Table 2).
Approximately 15 observations in grid 3 are withheld from
assimilation and used for verification at each hour. Given
the local and discrete nature of the observations, the ver-
ification statistics may not be viewed as an absolute mea-
sure of the quality of the analysis fields.

A small improvement in statistics is seen when a re-
duced R is used. Among the variables affected by R, Q2
is the most improved (Table 2). This may be due to high
spatial variability of Q2. A slightly reduced MAE is also
seen when terrain-adjusted weights are used (Table 2).
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When a larger nudging coefficient Gα is used, the
verification errors are significantly reduced. This is natu-
ral because the model fields are forced more strongly to-
ward the observations. Again this is not necessarily an
indication that a larger Gα produces better model analy-
sis. In fact a faster error growth in the forecast period is
seen when a larger Gα is used. A more rigorous evalua-
tion of the forecasts is needed in order to find the optimal
nudging coefficient.

Table 2. Verification statistics for the analysis fields. List-
ed are the mean absolute errors in surface temperature
(T2), wind speed (WS), wind direction (WD) and moisture
(Q2) for grid 3 in the 48 h analysis period.

5.  SUMMARY AND FUTURE WORK

Sensitivity simulations are conducted for a clear-sky
event by changing the nudging parameters in a mesos-
cale FDDA system. The results show that a significant
change can be caused by varying the nudging parame-
ters. Reduced radii of influence and terrain-adjusted
nudging weights are shown to produce certain reason-
able effects in the final analysis and slightly improved ver-
ification statistics.

Many questions remain to be answered, such as
whether different nudging parameters should be used
when nudging different observation types. Additional
sensitivity tests and more case studies, need to be con-
ducted. Eventually, parallel real-time runs using different
nudging parameters need to be performed in order to fully
assess the impact of the parameters on the analysis
fields as well as forecast fields.
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EXPNAME  e(T2)    e(WS)     e(WD)     e(Q2)

   EXP1      1.88       1.06       49.95        0.43

   EXP2      2.81       1.20       68.54        0.78

   EXP3      1.81       1.03       47.06        0.35

   EXP4      1.84       1.08       48.54        0.41

   EXP5      1.34       0.97       39.82        0.23
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