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ABSTRACT

This study explores the impact of physical initialization on the numerical weather prediction of
tropical rainfall. The goal is to improve the definition of the initial state by assimilation of
proposed or currently available surface and satellite-based observations during a pre-integration
phase using a global spectral model. Physical initialization refers to the use of reverse algorithms
consistent with the physics of the numerical model which can provide a modification of the initial
state via incorporation of an analysis of tropical rainrates. This modification of the initial state
variables is accomplished in an assimilation phase of the model forecast. The physical initializa-
tion process produces, in a diagnostic sense, a thermodynamic consistency between the humidity
variable, the surface fluxes, rainfall distributions, diabatic heating and the clouds. A diabatic
initialization is achieved by a Newtonian relaxation of the above diagnosed humidity variable
where the divergent wind is permitted to evolve in response to the imposed surface fluxes and
the condensation heating in a consistent manner. An important finding of this study is related
to the absolute correlation of the observation only based rainfall and the model-based rainfall
at the initial time and at the end of a one day forecast which are significantly improved with the
use of physical initialization. The “observed” rainrates are obtained from algorithms that trans-
late satellite-based measurements of outgoing longwave radiation and radiances for an array of
microwave frequencies. In addition, the available raingauge records over the land area are incor-
porated to define the “observed” rainfall over the gaussian transform grid squares of a global
spectral model at a high resolution (T106). Thus the rainfall measures are averages over roughly
100 x 100 km? and 7.5 min which is the time step of the spectral model. It is for this averaged
representation that we are able to demonstrate a very marked improvement in nowcasting and
one day forecasts of tropical rainfall. The monthly mean rainfall climatology, thus obtained,
nearly replicates the rainfall analyses provided to the physical initialization.

1. Introduction

The sparsity of conventional observations over
the tropics contributes to the reduced skill in the
numerical weather prediction of the low latitudes.
Given the satellite-based estimates of rainrates,
it is feasible to invoke a physical initialization
procedure within an assimilation phase of a model
forecast to enhance the information content of the
initial state. The term “physical initialization” was

first introduced by Krishnamurti et al. (1984) to

* Corresponding author.

use satellite-based rainrates thus augmenting the
data content of the tropical latitudes. Specific
case studies have shown the improvement in now-
casting and short range forecast skill of rainfall
prediction by implementing the aforementioned
procedure (Krishnamurti et al., 1991, 1993).

Currently, the satellite-based rainrates and the
outgoing long wave radiaton are used to initialize
the surface fluxes, the model rainrates and the
model-based outgoing long wave radiation
(Krishnamurti et al,, 1993). The “observed rain”
is defined as a mix of: algorithms based on micro-
wave, outgoing long wave radiation and raingauge
data.
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This initialization procedure includes the

following five computational areas:

(a) The surface fluxes of moisture and heat
are obtained from the vertical integration of the
apparent moisture sink, Q,, and the apparent
heat source, Q,, following the analysis of Yanai
etal. (1973). The proposed procedure using this
moisture balance relation improves these estimates
as one applies it repeatedly since the divergence,
heating, and the moisture fields adjust to the
imposed rainrates with time. The vertical integrals
of 0, and Q, are carried out from the top of
the atmosphere, ¢ =0, to the earth’s surface, 6 = 1,
where o is the vertical coordinate. (A list of
acronyms is provided in Table 1 and a list of
symbols is provided in Table 2).

(b) A reverse similarity theory is invoked
during each time step of the physical initialization.
The rainrates are assumed to be known and are
used to provide the specific humidity and the
potential temperature at the top of the constant
flux layer. An assimilation of this data at the top of
the constant flux layer promotes a consistency
between the calculated fluxes and the imposed
rainrate.

(c) A reverse cumulus parameterization algo-
rithm restructures the moisture variable following
the vertical coordinate which is consistent with
the imposed rainrate. This restructuring of the
moisture variable is achieved between the cloud
base (the lifting condensation level) and the cloud
top (the level at which the local moist adiabatic
and the cloud-environmental sounding intersect).

Table 1. List of acronyms

DMSP Defense Meteorology Space Program

FSU Florida State University

GDAS Global Data Assimilation System

GHz Gigahertz

GPCP Global Precipitation Climatology Project

IR Infrared Radiation

NASA National Aeronautics and Space
Administration

NMC National Meteorological Center

OLR Outgoing Longwave Radiation

SPCZ South Pacific Convergence Zone

SSI Spectral Statistical Interpolation

SSM/I Special Sensor Microwave Imager
TRMM  Tropical Rainfall Measurement Mission
UTC Universal Time Coordinated
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Table 2. List of symbols

E evaporation
HH horizontal polarization
HR hour
~mb millibar
mm millimeters
¥4 pressure
Ds pressure at the surface
P precipitation
o) apparent heat source
Q> apparent moisture sink
R rainfall rate
TB microwave brightness temperature
T106  Triangular truncation at 106 waves
T213  Triangular truncation at 213 waves
Vv vertical polarization
VA factor of reflectivity
4 dimensionless vertical coordinate (p/p;)

(d) In the upper troposphere (g <0.5), the
moisture variable is restructured to minimize the
local difference between the model and the satellite
inferred fields of outgoing long wave radiation.
A bisection method determines a parameter which
defines the structure of the moisture variable in the
upper troposphere.

(e) These components of the physical initial-
ization are executed within a data assimilation
phase of the model initialization. During this
assimilation the surface fluxes, the outgoing long-
wave radiation, the divergence field, the diabatic
heating and the surface pressure evolves in a con-
sistent manner. The details of the above procedure
are presented in the two papers Krishnamurti et al.
(1991, 1993). The present study is a sequel to these
two papers.

The purpose of this paper is to demonstrate the
nowcasting and forecasting skill from a large
number of consecutive experiments. The desire is
to show the ability of the physical initialization
procedure within the context of an operational
environment. The Florida State University predic-
tion system is not used for real-time forecasts,
however, this large sequence of experiments
provides a more realistic view of the possible
advantages of physical initialization and is a more
strict measure than a case by case scenario would
allow. Analyses have been prepared of the daily
“observed” rainfall distribution for the month of
October, 1991. This rainfall was analyzed directly
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on to the transform grid of the global model at the
horizontal resolution T106.

A comparison of two different algorithms which
calculate microwave-sensed rainrates from the
SSM/I instrument is also viewed within the con-
text of this paper. This work is an extension of a
previously published case study involving a triple
typhoon event in the western Pacific Ocean. The
Krishnamurti et al,, 1993 paper forms the basis
for the algorithm comparison and illustrates the
power of the physical initialization to accept
rainrates from diverse algorithms and provides
similar skill in returning realistic rainfall at the
beginning of the forecast. However, differences in
medium range forecasts has strong implications on
the overall quality of the rainfall analysis which is
used for the initialization procedure.

2. Microwave rainrate algorithms

The acronym SSM/I refers to a special sensor
microwave imager which includes 7 channels
and 4 frequencies of a linearly polarized passive
microwave radiometer. This instrument is on
the U.S. Air Force Defense Meteorology Space
Program (DMSP) spacecraft known as F8 with a
circular sun synchronous orbit. Its equatorial
crossing occurs during the south to north passage
at 0613 local time and has an orbital period of
103 min. The SSM/I instrument includes vertically
and horizontally polarized radiation sensors at
19.3, 37.0 and 85.5 GHz. The fourth frequency at
22.2 GHz only includes the capability to receive
vertically polarized radiation.

It is perhaps premature to qualify the supe-
riority of one rainrate algorithm as compared to
another at the present time. Several algorithm
intercomparison exercises are currently under way.
In this context, we shall examine the impact on
physical initialization of two such algorithms,
Olson etal. (1990) and Kummerow and Giglio
(1994). The Olson algorithm is multiple regression
based and is described as follows:

I. For rainfall over the land

R =exp(3.29716 — 0.01290 x TB85VV
+0.0087 x TB8SHH ) — 8.0MM/HR

T. N. KRISHNAMURTI ET AL.

II. For rainfall over the oceans

R =exp(3.06231 — 0.0056036 x TB85VV
+0.0029478 x TB8SHH — 0.0018119 x TB37VV
—0.00750 x TB22VV + 0.0097550 x TB19VV)
— 80MM/HR

In case the 85 GHz frequency was unusable then

I. For rainfall over the land

R=exp(—17.76849 —0.09612 x TB37VV
+0.15678 x TB19VV) — 1.0MM/HR

II. For rainfall over the oceans

R =exp(5.10196 — 0.05378 x TB37VV
+0.02766 x TB37HH + 0.01373 x TBI9VV)
—20MM/HR

A rainrate retrieval algorithm developed by
Kummerow and Giglio (1994) has been used to
estimate rainrates and vertical structure infor-
mation from the space-born SSM/I instrument.
The SSM/I multifrequency data, in conjunction
with other information relating the observed micro-
wave brightness temperatures are required to
calculate a rainrate. This is possible by focusing on
the parameters which most influence the upwelling
brightness temperatures.

The methodology for this retrieval algorithm is
expanded upon in Kummerow et al. (1989). This
approach uses a cloud radiative model to create
large datasets which relate the rainrate and other
geophysical parameters to the microwave bright-
ness temperatures. From these datasets various
multiple linear regression methods may be used
in order to obtain regression coefficients relating
the geophysical parameters to a linear combina-
tion or combinations of the observed brightness
temperatures.

Recently, Kummerow and Giglio (1994) com-
pared their algorithm to observed rainfall, ground
based radar data and OLR derived rainfall at
Darwin, Australia. They noted problems with the
SSM/I algorithm in delineating small scale convec-
tion over land area. By excluding certain pixels
over land, the IR based algorithm took precedence
and resulted in a major improvement. The
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monthly accumulated rainfall over the Darwin
area from the combined algorithm was shown to
be in a reasonable agreement with the Z/R based
Darwin radar estimates.

The two algorithms are similar in that the
SSM/I multifrequency data, or microwave bright-
ness temperatures, are used to calculate the
observed rainrates. The difference becomes evident
when considering the Kummerow-Giglio algo-
rithm is more physically based due to its
dependence upon certain relevant geophysical
parameters which are generated by a cloud
radiative model. However, the increased com-
plexity in deriving the satellite-based rainrate
does not imply a superiority of an algorithm as
compared to one of a less complex methodology.

3. FSU global spectral model

The FSU global spectral model has been used in
our earlier studies on physical initialization,
Krishnamurti et al. (1991, 1993). The same model
at the resolution T106 has been used to perform
the experiments carried out here.

The FSU Global Spectral Model includes the
following features:

(a) Independent variables: (x, ‘y, o, ).

(b) Dependent variables: vorticity, divergence,
surface pressure, vertical velocity, temperature and
dew point depression.

(c) Horizontal resolution: Triangular 106
waves.

(d) Vertical resolution: 14 layers between
roughly 50 and 1000 mb.

(e) Semi-implicit time differencing scheme.

(f) Envelope orography (Wallace etal.,
1983).

(g) Centered differences in the vertical for all
variables except humidity which is handled by an
upstream differencing scheme.

(h) 4th-order horizontal diffusion
mitsu et al., 1983).

(i) Kuo-type cumulus parameterization
(Kuo, 1965, 1974; Krishnamurti et al., 1983).
(j) Shallow convection (Tiedke, 1984).

(k) Dry convective adjustment.

(1) Large-scale condensation (Kanamitsu,
1975).

(Kana-
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(m) Surface fluxes via theory
(Businger et al., 1971).

(n) Vertical distribution of fluxes utilizing dif-
fusive formulation where the exchange coefficients
are functions of the Richardson number (Louis,
1981).

(o) Long and shortwave radiative fluxes
based on the emissivity/absorptivity methods
(Chang, 1979).

(p) Diurnal cycle with respect to the radiative
processes.

(q) Parameterization of low, middle and high
clouds based on threshold relative humidity for
radiative transfer calculations.

(r) Surface energy balance coupled to the
similarity theory (Krishnamurti et al., 1988).

similarity

4. The sequence of computations

Lacking a unified column model that integrates
all of the physical processes (i.e., the surface flux
parameterization, the cumulus parameterization
and the radiative transfer scheme), the current
model has separate computational algorithms for
these components. The sequence of computations
within the physical initialization modifies the
moisture variable separately to satisfy each
requirement, ie., fluxes, rainrate and the earth
radiation budget. Fig. 1 presents a schematic out-
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Fig. 1. An outline of the physical initialization within the
assimilation phase of the global model. The package of
reverse similarity, OLR matching, reverse cumulus
parameterization slides from left (hour-24) to right
(hour 0) during this initialization period.
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line of these computations. The sequence of reverse
algorithms are: reverse similarity followed by
OLR matching and then the reverse cumulus
parameterization. The time interpolated rainrates
are an input to the reverse similarity and the
reverse cumulus parameterization algorithms. The
satellite-based OLR enters the matching algo-
rithm. A one time step, forward integration follows
the execution of the reverse cumulus parameter-
ization algorithm. Since the reverse cumulus and
the normal cumulus are carefully designed to be
almost completely reversible, the “observed”
rainrate is reproduced by the model at the end of
the time step. Thus, an accumulation over 24 h of
simulated assimilated rainfall appears realistic.

What is currently missed by the physical
initialization are instances where the model calls
for no precipitation (ie., no net moisture con-
vergence or absence of conditional instability)
whereas the satellite or raingauge observations
imply rain. We impose saturation as an upper limit
for the modification of the specific humidity. This
constrains the extent to which rainfall can be
recovered in these instances. Further work is
ongoing in both of these above areas to overcome
these difficulties towards further improvement of
the nowcasting skill.

5. Forecast skill from physical initialization
We shall show the results of the physical

initialization and one day forecasts based on this
improved initial state for a large sample of

TROPICAL CORRELATIONS FOR DAY O AND DAY |
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experiments. In Fig. 2 we illustrate the rainfall
predictive skill in the global tropics for days 0 and
1 when the physical initialization was invoked.
Also shown is the rainfall forecast skill for day 1
of control experiments where the physical initial-
ization was not used. Results of 31 forecasts are
shown; these results show a marked skill at
day 0 and day 1 for the physically initialized
experiments. These skills are substantially above
those of the control run. The skill is measured by
the absolute correlation of the 24-h rainfall totals
at the transform grid squares between 29.719S and
29.719N latitudes. The observed rainfall is the
24-h rainfall total ending at day O or day 1 of the
forecasts.

A certain amount of caution should be used in
assessing an impact in rainfall prediction. If a rain-
fall analysis has used model output as the first
guess or the rainfall analysis is from the assimila-
tion system which is model dependent, then a com-
parison of interdependent data is a valid concern
for a diagnosis of forecast skill. The FSU rainfall
analysis is achieved in a manner which is com-
pletely independent of the model and is solely
based on three different measurement techniques.
Rain gauge and SSM/I observations provide a
high quality rainrate data set with the sharpened
outgoing long-wave radiation derived rainrates
furnishing the first-guess for the analysis scheme
(Gairola and Krishnamurti, 1992).

Perhaps the most spectacular result is the now-
casting skill from the physical initialization. The
mean skill for the entire month of October, 1991 is
around 0.85. The mean one day forecast skill for

OCTOBER 1991
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Fig. 2. Absolute correlation of “observed”, based on FSU rainfall analyses and the predicted rainfall. Top line is for
the day O skill with physical initialization, the middle (long dashed) line shows the day 1 skill with physical initializa-
tion and the bottom (short dashed) line shows the day 1 skill based on the control run without physical initialization.

Abscissa shows days of the month.

Tellus 46A (1994), 5



ON THE IMPROVEMENT OF PRECIPITATION FORECAST SKILL

the physically initialized experiment is around
0.55. The mean skill of the one day forecast of
the control run (without physical initialization) is
around 0.40. The one day skill with the physical
initialization far exceeds the skill of operational
forecasts which are of the order of 0.20-0.40. This
demonstrates a major improvement in the one
day rainfall forecast over the global tropics from
physical initialization.

6. On the performance of the operational
NMC and ECMWF models

During late 1991, as a result of the NMC opera-
tional global modeling effort (Kanamitsu et al.,
1991) the spectral statistical interpolation (SSI)
was introduced. This new analysis scheme uses
temperature and specific humidity observations
rather than height and relative humidity observa-
tions since these variables are closer to the forecast
variables used in the NMC global spectral model
(Parrish and Derber, 1992a). The current version
of the SSI uses 100 iterations for both the moisture
analysis and the dynamic variables. The moisture
analysis is completely independent from the
analysis of the other variables. SSI had lead to a
major improvement of the operational forecasts,
according to Parrish and Derber (1992b) and
Kalnay et al. (1991). The NMC global data
assimilation system (GDAS) provides 6-hourly
rainfall accumulations of convective and large-
scale precipitation. This study will focus solely
upon the tropics.

An effort was recently made by NMC to study
the impact of physical initialization on parallel
(non-operational runs), Mathur et al. (1992). In
that effort a strong positive impact on tropical
prediction from the inclusion of a reverse cumulus
parameterization within the 6-hourly assimilation
cycle was demonstrated. The operational model
does not include this feature at the present time.

The ECMWEF data assimilation system consists
of a multivariate optimal interpolation analysis, a
non-linear normal mode initialization and a high
resolution global spectral model which produces a
first-guess forecast for the subsequent analysis
with data being assimilated every six hours. At the
time of the experiments, October, 1991, the model
resolution had just been increased to triangular
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truncation at 213 waves (T213) on 31 vertical
levels (ECMWF, 1993).

A comparison of day O rainfall from the post
physical initialization procedure and the NMC
GDAS to the FSU rainfall analysis is shown in
Fig. 6a. The ECMWF precipitation fields archived
as analysis data were not available due to a lack
of confidence in the validity. Ongoing research
at that center is aimed at providing i oroved
precipitation analyses as stated in ECMWF, 1993.

The absolute correlation coefficient compar-
isons shown here were calculated using the total
rainfall as combined to cover the corresponding
24-h period. These comparisons are for day 0 and
day 1 only.

The day 0 correlations imply that the physical
initialization procedure yields a very realistic rain-
fall. The correlation coefficients for the period are
substantially higher than those the NMC GDAS
rainfall provides when compared to the FSU rain-
fall analyses. This large difference can be attributed
to two main contributors for this lower measure
of skill. The NMC GDAS is producing rainfall
analyses which do not seem to be directly coupled
to the dynamics of the initial state of the model
forecast. When viewing the GDAS rainfall, it is
easy to see that the tropical oceanic precipitation is
smaller scale and not well organized. Also, there
seems to be an abundance of orographically
induced precipitation. The monthly accumulation
of rainfall for this period (i.e., summing the GDAS
precipitation for all of October, 1991) exhibits
some values exceeding 1000 mm/month which
seems to be excessive.

Fig. 6b illustrates the absolute correlations of
various one day forecast rainfall to the verification
which is the FSU analysis. The post physical
initialization forecast exhibits the highest correla-
tion coefficients. This is seen uniformly throughout
the experiment period. The control and ECMWF
forecast are very similar. This similarity is not very
surprising since the FSU physical initialization
and FSU control forecasts used the ECMWF I1I-B
analyses as the initial state for the model. A reason
for the discrepancy is that the ECMWF model is at
the horizontal resolution T213 while the FSU
model is at the resolution T106. The ECMWF
forecast may be unfairly penalized because the
FSU rainfall analysis is of lower resolution.

The NMC forecast rainfall shows a skill which is
much less than the other members of the group,
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however, the small-scale nature of the precipita-
tion may be correctly predicted but the FSU
analysis does not exhibit the same amount of
small-scale variability.

Table 3 capsulizes the absolute correlations
into an ensemble mean for each member of the
comparison. The important information that
the physical initialization procedure builds into the
initial state for the forecast not only provides an
improved rainfall analysis (nowcast), but allows
for a substantially higher correlation at day 1
which noticeably surpasses not only the FSU con-
trol forecast but the operational centers which
were examined. This comparison is valid for
only October 1991 and it is felt that a regional
comparison would likely yield different results,
however, the skill of rainfall prediction via the use
of physical initialization has a marked impact from
a global tropics perspective. It is important to
note that the 1-day forecast skill of persistence was
around 0.30 which implies that the physically
initialized case has much more skill than the
control case, but the control case is still a skillful
forecast compared to persistence. This allows for a
more clear understanding of how much improve-
ment is seen by the physical initialization proce-
dure.

Table 3. Mean absolute correlation of daily rainfall
over the tropics for October 1991

Correlation
FSU rain versus FSU 0.85
(physical initialization)
ensemble day 0
FSU rain versus NMC forecast 0.26
ensemble day 0
FSU rain versus FSU 0.55
(physical initialization)
ensemble day 1
FSU rain versus FSU control 0.40
(no physical initialization)
ensemble day 1
FSU rain versus ECMWF forecast 035
ensemble day 1
Persistence error of day 1 forecast 0.31
FSU rain versus NMC forecast 0.20

ensemble day 1

T. N. KRISHNAMURTI ET AL.

7. Monthly mean rainfall

Since the physical initialization forces the
analysis of the daily rain towards the observed
amount to an accuracy of nearly 85 % (i.e., correla-
tion of 0.85), it is not surprising that one can attain
a rather high skill for the monthly total rainfall by
simply adding a month of daily observations. The
“observed” and predicted monthly total rainfall for
October, 1991 are shown in Figs. 3a and 3b. There
is a very good agreement between the details in
both of these analyzed fields. The results over the
global tropical belt between 29.719S and 29.719N
are shown. Even smaller scale features of the
rainfall maxima over most regions have been
reproduced by the proposed initialization.

The proposed physical initialization was only
invoked over the tropics, i.e., approximately 30S to
30N. In Fig. 3 we note a lack of agreement between
the “observed” and the physically initialized
monthly rainfall over the South Pacific Con-
vergence Zone east of Australia. That region of
discrepancy is due to the 29.719S boundary for the
physical initialization. It shows that convective
rain was occurring along the SPCZ near 30S and
the model was not able to recover it because of
interaction with midlatitude systems which were
not physically initialized due to the latitudinal cut
off. This perhaps calls for the need of an extension
of the boundaries of the physical initialization
beyond the tropics.

In Fig. 4, we show the difference between the
predicted and the observed monthly mean values
(expressed in the units of mm/day). The difference
between the observed and the predicted fields are
less than +2 mm/day over most regions. The max-
imum difference over some isolated points is of the
order of +6 mm/day. The largest discrepancies are
noted over Brazil, Africa and over the maritime
continent (near Indonesia). The discrepancy at the
SPCZ near 30S has already been addressed.

The coverage of the SSM/I instrument may be
one reason why the discrepancies arise. The areas
where the maximum differences occur are the areas
which have the highest total rainfall for October,
1991. This can be seen in the Global Precipitation
Climatology Project (GPCP) precipitation esti-
mates of monthly accumulated rainfall. These esti-
mates are computed using techniques developed
by Arkin (1979), Arkin and Meisner (1987) and
Janowiak and Arkin (1991) which combine many
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Fig. 3. Total rainfall for October, 1991. (a) “observed” via FSU analyses, (b) physical initialization at day 0, units are

mm,/month.

satellite products to produce a rainfall analysis.
It appears that the SSM/I experiences small data
voids between the satellite swaths. These data
voids are virtually nonexistent when two satellites
are providing observations; however, for this time
period the DMSP F10 satellite SSM/I was not
providing a steady stream of data, and the 85 GHz
channels were faulty on the DMSP F8 satellite.
In a region not covered by SSM/I, the OLR
sharpened rainfall (Gairala and Krishnamurti,
1992) will be a close approximation but will be
lacking in the higher intensities which the SSM/I
instrument observations provide. These discrepan-

30N j

-40 -20 0

20 40

cies may not be entirely related to SSM/I observa-
tions, since the land area rain is largely controlled
by the model assimilation history. This problem
could be related to sparsity of raingauge stations
over Africa.

This is a first attempt to demonstrate the
possibility of obtaining a very good agreement
between “observed” and assimilated monthly
mean rainfall. We should, however, note that
the assimilation can be only as good as the
observations of rain provided to it. With the possi-
bility of improved rainrate measurements from
TRMM (Tropical Rainfall Measurement Mission

60 80 MM/DAY

Fig. 4. Daily mean difference between the “observed” and physically initialized day 0 seen in Figs. 3a, b, (mm/day).
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o HR 00 OBSERVED AND MODEL RAINFALL AT GRID POINT(90.0E, 2.804S)
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Fig. 5. The time history of the physically initialized (dashed line) rainrate and the “observed” rainrate (solid line) at
a single transform point at forecast hour 0 during the month of October 1991, units are mm/day. Abscissa shows days

of the month.

of NASA), we can expect further improvements in
the assimilation of rainfall over the tropics for
climate studies.

An example of what the reverse similarity
accepts and what the model returns for a single
transform point, for an entire month, is shown in
Fig. 5. The solid line is the rainrate at the end of
the physical initialization as “observed” from our
analysis, and the dashed line shows what rainrate
the model provides. This type of behavior is typical
at high rainfall transform grid points. This is an
illustration of the nowcasting skill. The observed
measures over this area come from a mix of OLR,
raingauge and the SSM/I data within that square.
The time step of the spectral model (for the semi-
implicit time differencing) is 7.5 min. Thus the
rainfall data being compared is spatially and tem-
porally averaged over roughly 100 x 100 km? and
7.5min. The study does not address the time
variability of rainfall at a single measurement site.

8. Forecast skill beyond 1 day

Only a limited number of forecasts wére executed
beyond day 1. We show a typical example in Fig. 7
of the FSU forecast skill for 2 sets of experiments:

(a) control experiment (that did not include
physical initialization);
(b) Forecast based on physical initialization.

The skills for days 0 and 1 for the physical
initialization are of the order of 0.85 and 0.55
respectively. The day 1 skill with physical initial-
ization is much higher than the control; note there
was no rainfall for the control at day 0. This is an

important result of the present study. However, the
skill of forecasts for days 2, 3 and 4 do not exhibit
any appreciable advantage from the inclusion of
physical initialization. Physical initialization does
not substantially modify the rotational part of the
wind. The data void tropical oceans have a poor
description of the basic flow field on the synoptic
and the mesoscale thus we are not able to enhance
the forecast skill beyond the control experiment.
The 2, 3 and 4 day skills shown in Fig. 7 are com-
parable to the day 0 and day 1 skill of operational
forecasts (see Fig. 6b).
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Fig. 6. Absolute correlations of the FSU rainfall analysis
at day 0 and day 1 with experiments and the NMC and
ECMWF operational centers. (a) FSU rainfall analysis
correlated with post-physical initialization rainfall (solid
line) and the NMC global data assimilation system rain-
fall (dashed line); (b) FSU rainfall analysis correlated
with the day 1 forecast of FSU post-physical initialization
(solid line), FSU control (dot-dashed line), ECMWF
model (small dashed line) and NMC model (large
dashed line). Abscissa shows days of the month.
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Fig. 7. Correlation of “observed” versus predicted rain-
fall from the FSU global model for days 0, 1, 2, 3 and 4
of forecast. Light shading shows results for the experi-
ment with physical initialization; dark vertical bars show
results for the control experiment which does not include
physical initialization.
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Another factor that leads to a loss of skill by day
2 is the phase speed errors of the tropical distur-
bances. Although the storms are very well retained
later in the forecast (see Figs. 9 and 10), the slight
phase errors in the storm motion result in an effec-
tive doubling of the penalty within the rainfall
forecast absolute correlations. The “observed”
and the predicted rainfall maxima are sufficiently
separated and large errors occur over the respec-
tive locations. Reduction of such errors will require
a better control on the phase speed error of the
disturbances. To some extent that can be achieved
from a further increase of resolution of the global
model. However, the sparsity of overall tropical
observations may place a limit on the reduction of
such errors.

9. A comparison of the Kummerow and Olson
rainfall algorithms

Sample rainrate descriptions for 6 September
1987 for the Kummerow and the Olson rainrate
algorithms are illustrated in Figs. 8a and 8b,
respectively. This example pertains to a triple
typhoon event over the western Pacifc Ocean

120W  90W

X

Fig. 8. Physically initialized mean rainrate between 6 September 1987, 600 UTC and 6 September 1987, 12 UTC for
two rainrate algorithms. (a) Kummerow and Giglio, (b) Olson.
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NFCST UV 850 DAY1 OLSON ALG. INT=10.0
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Fig. 9. Predicted 850 mb flow fields at the end of (a) day 1, (b) day 3 and (c) day S of forecast for the case which was
physically initialized with the Olson algorithm. Solid lines streamlines; dashed lines isotachs (ms ).
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Fig. 10. Same as Fig. 9 except for the Kummerow—-Giglio algorithm.
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described by Krishnamurti et al. (1993). The color
scale identifies the rainfall in the units of mm/day.
This comparison suggests that the Kummerow
rainrates are somewhat higher than those from
the Olson algorithm. The three typhoons are
reasonably represented by both algorithms. The
African monsoon rainfall appears to be stronger
for the Olson algorithm. )

We have shown the increase in absolute correla-
tion of the rainfall during the physical initialization
period from the use of the two algorithms in
Table 4. This table illustrates the absolute correla-
tion of the rainfall over the entire tropical belt
between approximately 30°S and 30°N and for
the western Pacific triple typhoon region bounded
between 5°S to 30°N and 100°E to 180°. The
entries along the vertical column represent the
correlation between the “observed” and the assi-
milated rainfall for the respective rainrate algo-
rithms. It is apparent that the final correlation
obtained is higher for the Olson algorithm as
compared to the Kummerow algorithm.

The reason for this difference lies in part to the
equilibration level of rainfall for the T106 resolu-
tion of our global spectral model. During a 10-day
forecast, the T106 version of the FSU model
acquires an equilibration for evaporation (E)

Table 4. Absolute correlations of rainfall during
physical initialization

Global tropical belt (30°S to 30°N)

Olson rain in analysis ~4.20 mm/day

Kummerow rain in analysis ~8.50 mm/day
Hour Olson Kummerow

—18 071 0.67

—12 0.82 0.77

-6 0.85 0.77

0 0.85 0.75

Pacific typhoon belt (5°S to 30°N, 100°E to 180°)

Olson rain in analysis ~ 9.00 mm/day
Kummerow rain in analysis ~15.00 mm/day
Hour Olson Kummerow
—18 0.80 0.72
~12 0.92 0.81
-6 091 0.80
0 091 0.80

T. N. KRISHNAMURTI ET AL.

and precipitation (P) at a level of roughly
4.35 mm/day. If the assimilation for a particular
algorithm yields values of P far different from this
equilibration level then the model has difficulties
adjusting during and after the physical initial-
ization. The Kummerow algorithm produces an
unusually large mean value (~8.5 mm/day) for
the tropicals, whereas the Olson algorithm has
a value (~4.2 mm/day) somewhat closer to the
equilibration value for the T106 version of our
model. The Pacific typhoon belt experiences an
unusually high value of wide spread rain from the
Kummerow algorithm, seen in Table 4. It appears
from this analysis that care should be exercised in
the development of rainrate algorithms to assure
that global rainfall rates are reasonable from the
global hydrological perspective.

It should also be noted that the physical
initialization does seem to nearly accept whatever
rainrates we have been able to provide to it. Thus
the initialization is a strong function of the rainrate
algorithms which the model is being forced to
adjust toward via these reverse algorithms. This
brings up the need for a more reliable global dis-
tribution of rainrates; hopefully the TRMM would
provide us with this information.

9.1. Comparison of prediction using the Olson and
the Kummerow algorithms

The triple typhoon event was subjected to
physical initialization using the Olson and the
Kummerow rainrate algorithms. Separate predic-
tion experiments were carried out with these
respective algorithms at the horizontal resolution
T106. The starting date for these experiments was
5 September 1987 at 12UTC. The experiment
based on the Olson algorithm is described in some
detail in Krishnamurti et al. (1993). The predicted
flow fields at the 850 mb surface for days 1, 3 and
5 of the 2 forecasts are shown in Figs. 9 and 10. The
3 typhoons over the western Pacific ocean (from
west to east) are Gerald, Freda and Holly. Holly
had become a supertyphoon by September 8th and
essentially moved northwards. Gerald moved
northwestwards whereas the central storm Freda
slowly westward during the first three days.

Overall the track forecasts were handled better
with the initialization based on the Olson algo-
rithm. The excessive rain from the use of the
Kummerow algorithm was noted over the entire
central Pacific ocean. The central and the eastern-
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most typhoons were nearly quasistationary. For
both of the rainrate specifications the storms
were maintained during the forecasts (which were
carried out through 5 days). In contrast, a control
experiment where no physical initialization was
invoked the storms weakened considerably and
Freda and Holly dissipated by day 2 of the
forecast, Krishnamurti et al. (1993). Overall both
forecasts with the rainrate initialization appear
quite impressive when compared to the control
forecast.

24HR FCST PRECIPITATION SEPTEMBER 8.1987
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9.2. Predicted rainrates from the use of the Olson
and Kummerow algorithm

We shall present the different 24-h rainfall
accumulations from the experiments and compare
those to an analysis of rainfall which is valid on
day 2 of the forecast. The 4 panels of Fig. 11
illustrate these different forecasts in mm/day.

Fig. 11a shows the results of the control experi-
ment where no physical initialization was invoked.
What is conspicuous is the absence of heavy rain-

+120

)

CONTROL

35N
25N
OLSON

25N
15N KUMMEROW

5N

35N

25N

15N OBSERVED

Fig. 11. Forecast 24-h accumulated rainfall totals for day 1 to day 2 for (a) the control experiment, (b) forecast physi-
cally initialized using the Olson algorithm, (c) forecast physically initialized using the Kummerow algorithm and
(d) FSU analysis “observed” rainfall based on OLR, raingauge and SSM/I via Olson algorithm. Units are mm/day.

Color bar shown on left.
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fall maxima for the central and the easternmost
typhoons Freda and Holly. These storms had
essentially dissipated by day 2 of the forecast in the
control run. The forecast of rain initialized with the
Olson algorithm is shown in Fig. 11b. Intense rain-
fall rates exceeding 110 mm/day were predicted
for all three storms. The phase errors appear to
be quite small; this can be inferred from Fig. 11d,
where the “observed” rainfall based on OLR,
SSM/I via the Olson algorithm and raingauge are
displayed (at the resolution of the T106 transform
grid which is of the order of 100x 100 square
kilometers). The analyzed maximum rainfalls
for the three typhoons are around 85 mm/day.
Fig. 11c shows the results of forecasts which were
initialized using the Kummerow algorithm.
Although rainfall maxima are evident for all
3 storms, widespread rainfall is predicted in this
experiment. The westernmost storm Gerald was
predicted very well by both of the rainfall initial-
ization algorithms.

It appears that the Olson algorithm provides a
better definition of rainfall for the three typhoons,
the Kummerow algorithm, used in this context,
appears to provide a somewhat excessive spread of
rain. However, when comparing the results with
the control it is evident that physical initialization
appears to aid in the retention of the storms during
these forecasts (Krishnamurti et al., 1993).

10. Concluding remarks

In this study, we have explored the impact of
physical initialization on tropical rainfall assi-
milation and forecasts. We have looked at two
different microwave-based rainrate algorithms for
the definition of the tropical rainfall. Introduction
of a mix of measurements from OLR, SSM/I and
raingauges within a physical initialization scheme
has improved the nowcasting and the one day
forecasting skill substantially.

Using a large, month long, sample of assimi-
lation-prediction experiments a correlation of
roughly 0.85 for the mean nowcasting skill of rain-
fall was demonstrated in this study. The observed
and the predicted rain are averages over the trans-
form grid squares of a global model which was run
at a horizontal resolution of T106 (i.e., transform

T. N. KRISHNAMURTI ET AL.

grid separation of roughly 100 x 100 km? in the
tropics). The mean correlation for day 1 of the
forecast is around 0.55 and exceeds the current
operational capability. However as one proceeds
beyond day 1 the skill falls off rapidly towards the
operational levels. This loss of skill beyond day 1 is
attributed to a lack of adequate observations to
define the rotational part of the wind on synoptic
and subsynoptic scales. The physical initialization
does enhance the divergent part of wind consistent
with the rainfall description.

Another possible factor for the loss of skill
(measured by absolute correlation of rainfall at
transform grid squares) may arise from small
phase errors in the forecast of tropical disturban-
ces. Although heavy rain is predicted by this proce-
dure the phase errors in the position of typhoons
appear to contribute to substantial root mean
square errors of the rainfall.

Physical initialization using two different rain-
rate algorithms illustrates different amounts of
tropical rain, one being systematically higher than
the other. Physical initialization appears to accept
these different analyses of rainrates and modifies
the pre-existing description of the initial state. Thus
we are led to conclude that physical initialization
can only be as accurate as the rainfall provided to
it. This brings up the need for better measurements
of tropical rainfall, that is a goal of a future satellite
radar-microwave mission called TRMM.

The current global model invokes a modified
version of the Kuo scheme for the cumulus
parameterization, Krishnamurti et al. (1993). The
vertical distribution of heating implied by the
cumulus parameterization needs to be compared
with observations. Estimation of the vertical dis-
tribution of heating is also a goal of the proposed
TRMM program. Hopefully the research on physi-
cal initialization could be steered to exploit these
data sets and improve the overall rainfall forecasts
over the tropics beyond the short-range.

The resolution of the present study, T106, does
not permit us to examine meso-convective distur-
bances. We are currently extending the physical
initialization to very high resolution global models
such as T213. Even at this resolution the meso-
convective disturbances whose scales are of the
order of a few hundred kilometers are barely
resolved. The resolution of the SSM/I microwave
channels varies from roughly 30 to 60 kilometers.
Physical initialization at a high resolution is able
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to nearly reproduce the “observed” rainrate over
the transform grid squares and modifies the verti-
cal structure of humidity and in the evolution of
stronger divergence (and possibly of smaller scale
motions) and heating fields locally. Lacking
mesoscale data we must rely on the physical
initialization to generate the structure of the meso-
convective systems. This shall be one of the major
efforts for numerical weather prediction in the
future.
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