1896

MONTHLY WEATHER REVIEW

Four-Dimensional Data Assimilation in the Monsoon Region. Part II:
Role of Temperature and Moisture Data

MOHAN K. RAMAMURTHY*
Supercomputer Computations Research Institute, Florida State University, Tallahassee, Florida

FREDERICK H. CARR
School of Meteorology, University of Oklahoma, Norman, Oklahoma
(Manuscript received 11 August 1987, in final form 12 February 1988)

ABSTRACT

The problem of four-dimensional data assimilation in the tropics has been studied using a limited-area
primitive equation model. Of prime concern is the relative importance of different update variables and their
impact on data assimilation. Five new experiments complement a set of ten previously reported experiments
that investigate the feasibility of four-dimensional data assimilation in the monsoon region using only the wind
observations. In addition to assessing the relative importance of update variables, the present study investigates
the role of model physics in data assimilation,

The assimilation experiments are carried out for the onset vortex case of the 1979 Indian summer monsoon
for which many special FGGE/MONEX datasets are available. The assimilation-forecast system for all of the
experiments comprises a 12-h assimilation phase followed by a 24-h forecast period. In all experiments, updating
is done via the Newtonian nudging approach which, in our previous study, was found to be more effective than
other methods of updating.

It is found that, at least for this dataset, the wind data were more valuable than the temperatures. Although
temperature assimilation alone had some unexpected positive results, it did not offer appreciable improvement
over wind-only assimilations when the two variables were inserted together. On the other hand, a combination
of wind and moisture data produced the most positive results. This confirms the importance of wind and
moisture data in the tropics. Finally, it has been found that the incorporation of physical parameterizations
during the assimilation period is important for a proper spinup of the model and its smooth transition into the
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forecast stage.

1. Introduction

Since the pioneering work of Charney et al. (1969),
considerable progress has been made in the area of
four-dimensional data assimilation (FDDA), particu-
larly in global models. In spite of the great strides made
in our understanding of the global data assimilation
problem, very little attention has been paid to the trop-
ics. Specifically, in the case of real data experiments,
there exists a significant void in our understanding of
the assimilation process in low latitudes. Unavailability
of sufficient observations and the more complex cou-
pling of mass and momentum fields in that region are
primarily responsible for the lack of understanding.

The datasets from the First GARP Global Experi-
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ment (FGGE) in general, and the Summer Monsoon
Experiment (SMONEX), in particular, have provided
an excellent opportunity to address the issue of data
assimilation in the tropics. In Part I of this article (Ra-
mamurthy and Carr 1987; hereafter referred to as RC),
we explored the feasibility of FDDA in a limited-area
model for the Indian monsoon region using wind data
alone. In this paper, we extend our study to assess the
relative importance of update variables (mass, wind or
moisture data). We also address the issue of the degree
of sophistication of the assimilation model (dry vs moist
physics) and its impact on FDDA.

One of the earliest studies to address the issue of the
relative importance of prognostic variables in the spec-
ification of the initial state was by Smagorinsky et al.
(1970). Their results suggested that humidity mea-
surements are redundant and that a sophisticated
model can spin up reasonable moisture patterns from
a fairly smooth initial state, such as climatology, after
about 24 h. However, this conclusion was drawn using
a coarse general circulation model and, as such, its
general validity is questionable. Kreitzberg (1977) and
_Lejenas (1979) showed that the most prominent weak-
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ness in precipitation forecasting with numerical models
is due to the lack of proper initialization of moisture
fields. It has been observed by Miyakoda et al. (1978)
and Lejenas (1979) that an erroneous initialization of
the moisture field lengthens the spinup period, partic-
ularly in the tropics. Krishnamurti et al. (1984) have
addressed the problem of moisture specification
through a “physical initialization” approach wherein
the initial state is modified such that it is compatible
with observed data, including rainfall information, and
also is in balance with the model’s convective and ra-
diative parameterizations. They showed that the phys-
ical initialization provides an improvement in the pre-
diction of the divergent wind field.

Since the advent of the Visible Infrared Spin-Scan
Radiometer (VISSR) Atmospheric Sounder (VAS)
technology, a few studies have examined the usefulness
of VAS temperature and moisture data in numerical
prediction models (e.g., Cram and Kaplan 1985; Gal-
Chen et al. 1986). Cram and Kaplan assimilated tem-
perature and moisture gradients rather than the actual
fields. In the process, they reduced the insertion shock
considerably by variationally blending the VAS gra-
dients with the model predicted gradients. Although
their synoptic-scale forecasts were not significantly af-
fected, the improvements on the mesoscale were quite
noticeable. Assimilating both temperature and mois-
ture data did not show much improvement over tem-
perature data alone. This was partly attributed to the
smoother moisture retrievals from VAS soundings.
Furthermore, it was noticed that the diabiatic assimi-
lations showed greater impact than adiabatic assimi-
lations.

It has been suggested (Morel and Talagrand 1974;
Simmonds 1978) that the parameterization of physical
processess could perhaps be deleted during data assim-
ilation without unduly affecting the outcome of the
assimilation process. Since inserted data are a mani-
festation of various physical processes, they should be
able to impart information about the physics of the
atmosphere to the assimilation model. It has even been
argued that the presence of physics (such as convective
processes) may be detrimental to assimilation. Sim-
monds (1978) implied that data insertion may induce
fictitious vertical motion, which in the presence of
moist physics could perhaps produce erroneous latent
heating, thus shocking the model even more. On the
other hand, convection is widely recognized as the pri-
mary forcing in the tropics. Failure to include its effects
in the assimilating system could have serious conse-
quences. For example, the absence of physics during
assimilation could further delay the spinup process by
not providing an opportunity for symbiotic interaction
between the various physical processes and internal
model dynamics.

In this study, we examine these issues for the tropics
using a limited-area model. In section 2, we review the
experimental design. Then, the assimilation experi-
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ments performed in this study are described, followed
by a discussion of the results. Finally, the conclusions
are presented.

2. Review of experimental design

This section is mainly an overview of the experi-
mental design. A more complete description of the da-
taset, the synoptic situation, and the limited-area model
is given in RC. However, for the sake of completeness,
we briefly recapitulate these discussions. We will also
summarize the experimental details and the resuits
from RC that are relevant to this paper.

a, Datasets

As discussed in RC, the model is initialized with the
European Centre for Medium-Range Weather Fore-
casts (ECMWF) Main FGGE level III-b data for the
onset vortex (OV) case of 17 June 1979. The gridded
FGGE analyses were interpolated onto a 1° mesh, using
a bilinear interpolation in the horizontal and a loga-
rithmic weighting function in the vertical. The domain
for our experiments is from 7.5°S to 37.5°N and from
52.5° to 97.5°E. No initial balancing of the mass and
wind fields is performed, although the vertically inte-
grated divergence is removed from each grid point to
minimize the noise associated with the Lamb wave
component (Carr et al. 1983).

The datasets used for updating include dropwind-
sonde data, satellite cloud winds, surface land and ship
reports, rawinsonde data, research and commercial
aircraft data, and constant-level balloon data. The ob-
servations from these platforms were checked for ac-
curacy and consistency before use in the assimilation
cycle. Typically, less than 1% of the observations were
rejected during quality control. Since the data were
used in a research mode, the acceptance criteria were
not as strict as those for an operational assimilation
system. Figure 2 in RC shows the distribution of the
3152 observations from these systems that were used
during the assimilation period.

b. The model

The forecast model to be used is a 10-level, limited-
area, semi-Lagrangian primitive equation model. The
model is integrated on a latitude-longitude grid in the
horizontal and on ten equally-spaced pressure levels
from 1000 to 100 mb in the vertical. Time-dependent
boundary conditions from the analyzed fields are used
along the lateral boundaries; these are blended with
model computed fields in a Perkey—Kreitzberg (1976)
type scheme. The model has a fairly complete set of
physical parameterizations which are described in RC.

c. Synoptic situation

The initial state for all the experiments discussed
here is 0000 UTC 17 June 1979 (Figs. 4a and 4b in
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RC). The OV had moved northward off the western
Indian coast during the previous four days and was
now at maximum strength. Hurricane force winds were
associated with the Somali jet in the southern sector
of the storm. The forecast problem was whether the
storm would continue to drift northward and strike the
northwest coast of India, or if it would curve to the
west and move into Saudi Arabia, as it eventually did.
A linear stability analysis of the OV by Mishra et al.
(1985) indicated that the B-effect accounted for the
westward movement of the storm. However, their
analysis did not explain the initial northward move-
ment or the northward component after 16 June.

3. Assimilation by Newtonian nudging

One of the principal issues addressed in RC dealt
-with the methodology of the assimilation itself; e.g.,
how frequently should data be inserted and by what
procedure. After testing several different schemes, it
was found that the Newtonian nudging approach (Hoke
and Anthes 1976) was superior to other forms of up-
dating. If the nudging coefficient is not too strong, very
little noise is generated and the vertical circulations
become well developed. All assimilation experiments
in this study use this technique.

Before nudging can be performed, the target analyses
at 6 and 12 h from the initial time period must be
prepared first. The objective analysis scheme employed
is a three-dimensional Cressman (1959) scheme. For
further details on this procedure the reader is referred
to RC. The method uses the forecasts from the no-
assimilation experiment for first-guess fields. All level
II-b observations within a window of +3 h are included
in the analysis at 6 h and only those observations in
the —3 h window are used in the analysis at 12 h. After
analyzing the required fields at 6 and 12 h, the target
values toward which nudging is performed at each time

- step are generated by linearly interpolating between
the intial state and the 6-h analysis during the first 6-
h assimilation period, and between the 6-h analysis
and 12-h analysis for the latter half of the assimilation
cycle. In all experiments, a value of 1.0 X 107™* s is
used for the nudging coefficient. To alleviate the im-
pulsive shocking of the model at the end of the assim-
ilation period, the nudging coefficient is gradually de-
creased in a linear fashion in the last 3 h to reach a
value of zero at 12 h. As noted in RC, the use of a
stronger nudging coefficient (1.0 X 107357 ") leads to a
rebounding effect at the cross-over periods at 6 and
12 h.

4. Review of wind assimilation results

In RC we explored the feasibility of FDDA in a lim-
ited-area model for the tropics using wind data alone.
We conducted a sequence of ten experiments using
various assimilation techniques to determine what as-
similation strategies work best in the tropics. Since this
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study deals with the importance of update variables,
we will briefly review the results from two of those
experiments in RC that are relevant to this article.

a. No-assimilation experiment

In this control experiment, no additional data were
inserted during the course of the integration. The pur-
pose of conducting this run was to obtain a reference
forecast for verification and comparison against those
made from the assimilation experiments. It was noticed
that the OV began to weaken quickly once the inte-
gration started. In addition to its rapid weakening, the
OV showed very little movement in the 36-h period
from the initial state. These problems can partially be
attributed to the considerably underestimated strength
of the OV at the initial time in the ECMWF 1000 mb
analysis, as discussed by Carr and Ramamurthy (1983).
Thus, a goal of the assimilation experiments has been
to restore the intensity of the tropical storm by includ-
ing 12 h of asynoptic data while avoiding the creation
of excessive noise. This experiment will be referred to
as expt 1.

b.. Wind assimilation by weak nudging

In this experiment (expt 8 in RC, hereafter expt 8*)
wind data were continuously inserted in the first 12 h,
via the nudging technique. It was found that the nudg-
ing approach was superior to continuous updating via
indirect insertion. However, when we used a larger
nudging coefficient (1.0 X 1073 s™"), it was noticed that
the model fields at the end of the assimilation period
were not very well balanced. Consequently, it resulted
in a rebounding effect that slowed down the assimila-
tion process and delayed the spinup time. In contrast,
the weak nudging forecast generated little noise, even
though the total wind field was updated at each time
step. Therefore, we consider expt 8* to be our overall
best experiment from RC, and we shall measure the
success of the new experiments against this standard.

The important result of continuous data assimilation
is that the definition of the flow field near the storm
was markedly improved over that in the target field
(Figs. 6a and 6b in RC). Even though an incomplete
target field is specified in data void regions, the inherent
spreading of information through the model equations
helped define the wind field in those areas. In addition
to improving the wind field, the nudging technique
also favorably induced the temperature fields; the cold
core characteristics of the storm, and the implied ther-
mal wind circulation were in general agreement with
the inserted wind field.

5. Further assimilation experiments
To carry out the objectives of this paper, we have

conducted a sequence of five assimilation experiments
using various combinations of update variables. These
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experiments are listed in Table 1 and are described
below.

In expt 1, we investigate if the temperature data by
itself contains any useful information in the tropics.
Second, we examine to what extent temperatures can
induce the wind field. It is well known that the geo-
strophic adjustment process in the tropics is driven pri-
marily by the wind field. We seek to find out if this is
indeed true in the context of FDDA.

As a logical extension of expt 1, both wind and mass
fields are nudged in expt 2. Simultaneous insertion of
both wind and temperature observations raises an in-
teresting question. Will the two variables complement
each other and offer improvement over just one vari-
able, or will the mutual inconsistencies between the
two fields degrade the assimilation process?

Historically, most data assimilation studies have
dealt with either the mass field and/or the wind field.
In the process, the issue of moisture data has been ne-
glected. However, in the tropics an accurate specifi-
cation of the initial humidity field is extremely impor-
tant, since convection is a fundamental driving force
behind the tropical circulation. What is less clear is the
importance of moisture in the assimilation process. To
answer this, we conducted expt 3, where the moisture
data were assimilated in addition to both the winds
and the temperatures.

It is normally assumed that the two most important
types of data in the tropics are the wind and moisture
data. In expt 4, we assess the importance of this com-
bination by nudging the wind and the moisture fields
without including temperature data.

Finally, we examine the role of model physics in
FDDA in expt 5. This assimilation experiment is con-
ducted without diabatic processes such as stable and
convective heating and surface fluxes of heat and
moisture. Since moist physics is not included, only the
wind field is updated. However, all physical processes
are switched on at the beginning of the actual forecast
period.

6. Results

This section examines the impact of the five exper-
iments on the intensity and location of the OV, both

TABLE 1. List of experiments.

Expt
No. Experiment
1 Temperature nudging
2 Wind + temperature nudging
3 Wind + temperature + moisture nudging
4 Wind + moisture nudging
5 No-physics assimilation
8* Wind nudging
1* No assimilation

* Experiments from Ramamurthy and Carr (1987).
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at the end of the assimilation period and into the fore-
cast stage. We will focus primarily on those fields where
the differences between various insertions are most
discernible. We will also present various indicators
pertaining to the degree of assimilation achieved in the
model. The indicators used to measure assimilation
efficiency also provide some information on other as-
similation related processes—such as rejection (or re-
tention) and induction—that are concomittant with
data insertion. As in RC, the results are organized by
verification period: at the end of the assimilation pe-
riod, and at 24-h into the forecast cycle.

a. Assimilated state differences

In this subsection we will assess the impact of various
assimilation experiments on the model fields obtained
at the end of the 12-h assimilation or preforecast period.

As discussed in RC, simply updating a model with ob- =

servations does not guarantee either their assimilation
or a balanced state at the beginning of the actual fore-
cast step. Only examination of the resulting forecasts
will resolve those issues. However, the production of
an improved analysis for some initial time is a worthy
goal in itself. Furthermore, the impacts seen at ¢t = 0
are often largest and also aid in the interpretation of
the forecast results.

1) SYNOPTIC EVALUATION '

We begin with the 1000 mb height field and examine
how the incorporation of new observations during the
assimilation period has affected the model and, in the
process, the OV evolution near the surface.

The temperature assimilation experiment shows a
modest improvement over the no-assimilation exper-
iment at the end of the preforecast period (Fig. 1a).
The central value of the OV is 12 m deeper in expt |
than in expt 1* (Fig. 5a in RC). Although the 1000 mb
height field in expt 2—where both temperatures and
winds were updated—failed to show a similar im-
provement over expt 8* (wind only assimilation, shown
in Fig. 1b) in terms of the intensity of the vortex, the
ridging over the Indian Peninsula is better handled in
the former case (not shown). In essence, very little was
gained beyond the results in expt 8* by simultaneously
inserting both wind and temperature data.

The experiments where moisture data were addi-
tively inserted showed the most impact. However, it
should be mentioned that moisture data alone were
never assimilated in any of the experiments. It was
combined either with the wind field (expt 4), or with
wind and temperature data (expt 3). At the end of the
assimilation period, expt 3 had developed the deepest
1000 mb central height for the OV (Fig. 1¢); this height
minimum in expt 3 also verifies closest to the ECMWF
analysis (Fig. 5b in RC). The fact that moisture data,
in combination with temperature and wind informa-
tion (expt 3) show more impact than with wind data
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alone (expt 4), indicates that for the moisture data to
be more effective, the corresponding temperature data
also need to be prescribed. This makes physical sense
since the location and magnitude of latent heating, for
example, are proportional to the values of relative hu-
midity, potential instability and moist static energy.
Likewise, it may be necessary to accurately specify
moisture data, for the temperature data to be most
effective.

The weakest 1000 mb height value at 12-h is found
in expt 5, the no-physics experiment (not shown). In
fact, even the no assimilation experiment predicted a

FIG. 1. The 1000 mb height fields (m) for the assimilated states
at 1200 UTC 17 June in (a) expt 1, (b) expt 8*, (c) expt 3.

deeper low than expt 5. The underprediction of the
intensity of the OV at the surface can be directly at-
tributed to the deletion of physical processes, mainly
latent heating. : :

The slight positive impact seen at 1000 mb in the
temperature assimilation experiment is also consis-
tently noticed at higher levels. At 700 mb, where the
OV has maximum intensity and the dropwindsonde
data is available, the vorticity field in expt 1 (Fig. 2a)
is stronger than when no data are inserted (not shown).
The strongest vorticity contour around the OV is 4
X 1075 s~! in the latter experiment, while it is 5 X 1073
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Fig. 2. The 700 mb vorticity (1.0 X 107 s~ for the assimilated states in (a) expt 1, (b) expt 4 (c) expt 8*, (d) expt 5.

s~! in the former case. The impact on the wind field is
often seen more in the divergent than in the rotational
component. For example, there is little difference in
the 700 mb vorticity fields between expts 2 and 8*, but
the addition of temperature data induced more lower-
tropospheric convergence in expt 2 (not shown). Sim-
ilar positive impact at mid- and upper-tropospheric
levels is also noticed in the moisture assimilation ex-
periments (expts 3 and 4) and in the no-physics ex-
periment. As shown in Fig. 2b, the vorticity field in

expt 4 is stronger than in expt 8* (Fig. 2c) where only
the wind field was assimilated, while it is a little weaker
in expt 5 (Fig. 2d) in the absence of physics.

As in RC, we performed two-dimensional spectral
decompositions (Errico 1985) of the 700 mb vorticity
difference fields to gain further insight into the induc-
tion of the wind field due to mass and moisture up-
dating. The vorticity difference spectra (between the
no-assimilation experiment and a particular experi-
ment) indicate that in all experiments the most impact
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is seen in mid- to large-scale waves (wavelengths > 900
km), with peaks around 1500 km, close to the scale of
the OV (not shown). It is further noticed that the largest
variances are from expt 4, while the smallest values
are from expt 1.

The additive impact of moisture data on the 700
mb winds is shown in Figs. 3a and 3b via the velocity
difference fields between expts 4 and 3 and expts 8*
and 2, respectively. Figure 3a (4-8*) shows a well-
defined cyclonic circulation around the vortex and the
stronger onshore southwesterly flow along the west
coast of India. On the other hand, Fig. 3b (3-2) indi-

cates additional convergence along with a stronger cy-
clonic circulation. In contrast, the negative impact of
the absence of physical processes (expt 5) can be seen
in the difference field presented in Fig. 3c. The adiabatic
assimilation led to a much weaker vortex in terms of
both vorticity and convergence at 700 mb.

The positive impact of moisture insertion is also felt
at higher levels of the atmosphere, despite the absence
of any new information in the moisture field at those
levels. (Most of the dropwindsonde observations, from
which the bulk of the asynchronous thermodynamic
information was available, were below the 400 mb
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200 MB WIND DIFF EX3-EX2 HOUR=12 -1 moisture assimilation experiments, where the differ-
ences are confined to the immediate vicinity of the
o OV, the impact due to lack of physics in expt 5 is seen
] _ SRR over a much wider region. However, it should be
30N D BN o pointed out that assimilation without physics is still

SRR SEEREEERS EREE better than no assimilation with physics (expt 1*). As
seen in the 700 mb velocity difference field between
the two experiments (Fig. 5), both the intensity of the

L

20N vortex and the upslope, onshore flow across the western
Ghats are much stronger in expt 5.
2) TEMPERATURE INDUCTION
10N

Geostrophic adjustment theory predicts that in the
tropics the mass field will adjust more readily to the
momentum field than vice versa. To verify this, we
EQ B examined the temperature fields in the various exper-
iments near the level of maximum intensity of the OV.
Evidence of temperature rejection can be seen by com-
, paring the 750 mb temperature fields from expts 8*,
60E 70E 80E 90E 1, and 2 and the target analysis (Figs. 6a—-6d respec-
tively). The temperature field in expt 2 is much closer
to that in expt 8* (wind only) than to either the target

200 MB WIND DIFF . HOUR=12 . . .

EXS £X5 sms'  analysis or the 12-h field from expt 1—although both
the temperatures and winds were nudged with the same
relaxation coefficient in expt 2. Similarly, even with

son temperature-only nudging, there are large differences
AR between the target field and the assimilated field in
%gg;ggz::: expt 1. The nudging coefficient we used has not sig-
irrs2s5ssa nificantly impeded the mass-wind adjustment process
and has allowed the dominance of the wind field, in
20N accordance with geostrophic adjustment theory. It is
also noticed (Fig. 6¢) that the temperature field in the
; : N NN
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FIG. 4. The 200 mb wind vector differences in the assimilated 20N
states between (a) expts 3 and 2, (b) expts 8* and 5.
' 10N
level.) For example, Fig. 4a shows the vector differences
in 200 mb winds between expts 3 and 2. The effects of
moisture-induced convection and latent heating can
be seen in the divergent outflow. A similar feature is Ea
also noticed in the difference field from expts 4 and 8*
(not shown). We see that the upper-level wind field is
indirectly induced through the enhanced latent heat
release triggered by the assimilation of moisture data. 60E 70E 80E 90E
Figure 4b shows a similar difference between the phys- FIG. 5. The 700 mb wind vector dfferences in the assimilated

ics (expt 8*) and no-physics experiments. Unlike states between expts 5 and 1*.
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FIG. 6. The 750 mb temperature field in the assimilated states for (a) expt 8*, (b) expt 1, (c) expt 2, (d) analysis at
1200 UTC 17 June, (e) expt 5.

adiabatic assimilation experiment (in which only the
winds were updated) in the core of the OV (especially

at upper levels) is colder than that in the full-physics

assimilation experiment (Fig. 6a). The cooler temper-
atures in expt 5 can be attributed to the absence of
diabatic heating. The differences in the induced tem-
peratures between moisture and no moisture assimi-
lations (expts 8* and 4) were, however, less marked
(not shown),

3) STATISTICAL EVALUATION

After examining the differences in the assimilated
states from a synoptic viewpoint, we now look at the
statistical differences. As in RC, the differences are
quantified in terms of the root-mean-square vector er-
rors (RMSVEs) between the observations and the fore-
casts interpolated to the observation points via bilinear
interpolation. The computed RMSVE statistics are
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FIG. 6. (Continued)

presented in Table 2. The smallest RMSVEs are as-
sociated with moisture-plus-wind assimilation (expt 4)
and the largest RMSVEs are found in the no-assimi-
lation experiment. The RMSVEs in expt 4 are also
lower than any other experiment discussed in RC ex-
cept for strong nudging. It was pointed out in RC that
the latter fields were essentially unbalanced and led to
excessive noise when the actual forecasts began. Tem-
perature nudging shows a slight improvement over no
assimilation in the middle and higher levels, although
it verifies the most poorly of any experiment at the
surface. The RMSVEs in the no-physics assimilation
experiment, are consistently worse than those in the
full-physics experiment, but are still better than when
no new data is inserted. A similar table for the tem-
perature differences showed much smaller differences
between experiments and no consistent trends were
discernible (not shown).
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b. Forecast differences

Here, we focus our attention on the more important
forecast fields obtained from each of the experiments.
Thirty-six-h forecasts were made from each of the as-
similated states with no further addition of data. Also,
in the forecast stage, the various physical processes in
the model were turned on in expt 5. In general, the
differences between the various experiments became
less distinct after 24-h into the forecast; therefore, we
will confine our discussions to the 24-h fields only. The
diminishing of the differences between the experiments
is largely attributed to the use of the same boundary
conditions (obtained from FGGE III-b analyses). Sim-
ilar results have also been reported by Anthes et al.
(1984) and Errico and Baumhefner (1987), in the con-
text of predictability studies for limited-area models.
Errico and Baumhefner found that when the same lat-
eral boundary values are used in control and perturbed
forecasts, the differences between the forecasts were
limited due to the “sweeping out” of forecast errors by
the boundary values. Also, the filtering inherent in the
various numerical procedures used can lead to
smoother fields, and hence smaller differences.

1) SYNOPTIC EVALUATION

The impact of assimilating temperature data only
(expt 4) diminishes rather rapidly during the forecast
stage. By 24-h into the forecast, the impact on the 1000
mb height field is hardly noticeable. The low has moved
a little too far to the north and the intensity is not
much deeper than in the no-assimilation forecast. The
rapidly diminishing impact may be explained by the
dominance of the wind field in the mass-wind adjust-
ment process, in that region as suggested by geostrophic
adjustment theory. Similarly, the addition of temper-
ature and wind observations in expt 2 showed little
improvement over the wind-only experiment.

In contrast, the impact of moisture data is more
clearly seen in the ensuing forecasts. In combination
with wind and temperature data, moisture insertion in
expt 3 leads to the deepest central height for the OV
of the five experiments (not shown). However, when

TABLE 2. Root-mean-square vector errors for the assimilated states.

Expt

No. Experiment 1000 mb 700 mb 500 mb 300 mb
1 Temperature nudging 7.01 8.39 7.91 6.71

2 Wind + temperature nudging 4.63 447 4.53 4.28
3 Wind + temperature + moisture nudging 4.65 4.34 4.60 4.26
4 Wind + moisture nudging 4.02 3.65 3.87 391

5 No-physics assimilation 5.17 5.49 4.96 6.18
8* Wind nudging 4.64 5.06 4.36 4.54
1* No assimilation 6.02 9.75 7.95 6.96

* Experiments from Ramamurthy and Carr (1987).
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FIG. 7. The onset vortex tracks at 1000 mb in various experiments.
The initial position represents 0000 UTC 17 June 1979.

compared to the ECMWEF anaysis valid at 1200 UTC

18 June, the low is still underpredicted in all of the -

experiments. Except for some minor differences, the
predictions from expts 3 and 4 are rather similar, both
in their intensity and location of the OV.

Figure 7 shows the 1000 mb track forecasts of the
OV from various experiments. The track for the tem-
perature assimilation experiment is the most deviant
from the observed track (as inferred from the ECMWF
analyses). Both moisture assimilation experiments
(expts 3 and 4) predict the most accurate tracks, al-
though only the results from expt 3 are shown here.
The tracks in the two experiments end up within 1°
of the observed position after 48 h. The no-physics
assimilation experiment moves the low a little too rap-
idly. '

The moisture assimilation experiments also show
the most impact in the 700 mb vorticity field. Figs.
8a-8d show 24-h forecast vorticity fields from expts
8* 1, 4 and 5 respectively. The strongest vorticity is
predicted in the moisture-plus-wind experiment,
whereas the weakest forecast is seen in the temperature
assimilation experiment. The impact of the no-physics
assimilation does not appear to be significant, at least
in the vorticity field.

To get a clearer picture of the wind-field changes,
we next examine wind vector differences for the various
assimilation experiments. The impact of moisture data
can be seen in the 24-h 1000 mb difference field be-

tween expts 3 and 2 shown in Fig. 9. The cyclonic

circulation vividly shows the additive impact of the
moisture information in expt 3. For this field, the im-
pact at 24-h was greater than at the end of the assim-
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ilation period, as the enhanced low-level convergence
reflects the greater latent heating during the forecast
resulting from the improved moisture analysis. A sim-
ilar impact is also noticed in expt 4, although to a
slightly lesser extent. The difference fields between the
full-physics experiment and the no-physics experiment
(expts 8*-5) show a similar cyclonic circulation (not
shown); however, the circulation center is displaced a
few degrees toward the west (near 60°E).

The positive impact of the moisture data is also seen
at higher levels. In Figs. 10a and 10b, we show the
impact on 700 mb winds due to moisture updating via
the difference fields between expts 3 and 2 and expts
4 and 8*, respectively. Once again, the stronger cyclonic
circulation with the OV and the stronger moist, south-
westerly flow over western India are better forecast in
the two moisture assimilation experiments. At 200 mb,
the velocity difference field between expts 3 and 2 (Fig.
11) shows an anticyclonic divergent circulation due to
the enhanced latent heating in expt 3. Thus, the mois-
ture data not only affects the model’s rotational modes,
but also its divergent modes near the top and bottom
levels. The impact of no-physics assimilation, though,
is found to be rather small as we move higher up. The
cyclonic circulation around the storm is slightly better
handled in expt 8* than in expt 5 (not shown).

Finally, we examine the rainfall forecasts from the
various assimilation experiments. As we noted in RC,
all forecasts underpredicted the rainfall amounts, par-
ticularly the orographic precipitation along the western
Ghats. The reasons for the deficient rainfall predictions
have been outlined in RC. The 24-h accumulated pre-
cipitation amounts following the assimilation period
for selected experiments are shown in Figs. 12a-d. Not
surprisingly, the greatest rainfall amounts are seen in
expt 3 (Fig. 12a) and expt 4 (slightly less, not shown),
the two experiments in which moisture data were ad-
ditively inserted. The maximum rainfall amount in
expt 3 is almost 23% higher than in expt 8* (Fig. 12b).
Even though the physical processes were turned on at
the end of the assimilation period in expt 5, the model
continues to suffer from the ill effects of dry assimila-
tion; the rainfall maximum (Fig. 12c) is 20% less than
expt 8* and 35% less than expt 3. Also, the areal extent
of predicted precipitation amounts is larger in expt 8*,
Expt 1 (Fig. 12d) predicts the least amounts of the five
experiments. .

To examine the temporal variation of rainfall rates,
in Fig. 13 we plot the domain average rainfall rates for
expts 2, 3, 5, 8* and 3* (from RC, intermittent wind
assimilation). The impact of moisture and temperature
insertions (expt 3) are clearly seen in the enhanced val-
ues during and after the assimilation period. The ad-
ditive effects of moisture are also noticed in the trace
for expt 4 (not shown). The predicted rainfall rates are
higher throughout the integration period in expt 3,
compared to those from expts 8* and 2. On the other
hand, due to the absence of moist physics during the
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FIG. 8. The 700 mb vorticity field (1.0 X 107* s™*) for 24-h forecasts in (a) expt 8*, (b) expt 1, (c) expt 4, (d) expt 5.

assimilation period, the model has a longer spinup pe- 2) STATISTICAL EVALUATION
riod in expt 5. Consequently, the rainfall rates remain )
smaller than in expt 8* throughout the forecast period. To gain a more quantitative insight into the forecasts,

To show the sensitivity of the rainfall predictions to we computed RMSVEs for the 24-h predictions. Again,
insertion shocks, we have also included the rainfall rate  these statistics are generated by verifying against the
for expt 3* in RC. Immediately following the two up- observations. All observations in a window of +6 h on
dates (at 6 and 12-h), the rainfall rate increases almost €ither side of the verification time are included. Table
fourfold before settling down to values less than in expt 2 displays these errors at four different levels.

3 after 24 h. All rainfall rates become small after 36-h As noted in the synoptic evaluation, the differences
as the OV dissipates as it approaches the Arabian pen- between the various experiments are smaller than at
insula. the end of the assimilation period. All levels considered,
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