Global Numerical Weather
Prediction at the
National Meteorological Center
Abstract
In this paper we describe the global numerical weather prediction
system of the National Meteorological Center, and review recent improvements, the evolution in skill, and current research projects and
plans.

Introduction
During and after the Global Weather Experiment in
1979, major advances in the skill of global numerical
weather forecasts have been made by operational
centers. They have resulted from improvements in the
global observing system, applied research in analysis
and modeling, and increases in the power of computers
used for operational prediction. Particularly noteworthy has been the work of the European Centre for
Medium-Range Weather Forecasts (ECMWF), which
developed many advanced techniques in analysis and
global modeling. It should be noted, however, that developments at the National Meteorological Center
(NMC) have also led to a substantial increase in forecast
skill, which is now significantly better than what it was
only a few years ago, both in absolute value and relative to ECMWF (see cover and figures 1 and 2).
In a recent seminar held at ECMWF, celebrating
ten years of operational medium-range weather forecasting (Reading, UK, 4-8 September 1989), a number
of reviews and comparisons of the development and
performance of global operational models were presented. The present article is an extension of a paper
presented at that meeting. We review the characteristics of the operational global analysis and prediction
system at NMC, recent improvements, the performance in short-, medium-, and extended-range forecasting, and current areas of research.
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analysis and forecast system and discuss the changes
introduced in the last few years.
a. Description of the global numerical weather
prediction system
Two types of global forecasts are produced every day at
NMC. The aviation (AVN) 3-day forecasts are run from
0000 UTC and 1200 UTC initial conditions with a wait
of 2.75 hours for data arrival. They are used mainly for
aviation forecasting purposes and are transmitted over
the Global Telecommunications System (GTS) throughout the world. The 10-day medium-range forecasts
(MRF) are run only from 0000 UTC initial conditions
after a 6-h data hold.
1. GLOBAL DATA ASSIMILATION SYSTEM

The NMC Global Data Assimilation System (GDAS) is
a typical four-dimensional (4-D) analysis/forecast system (figure 3) that provides initial conditions for the
AVN and the MRF forecasts (Kanamitsu 1989). In this
system, a 6-h forecast from the MRF model (described below) provides a first guess to the next
analysis. The first guess is interpolated to the observational locations on mandatory pressure levels, and
"observational increments" (differences between the
observations and the first guess) are then computed
and quality controlled. A 3-D multivariate optimal
interpolation 1 analysis of the increments of heights
and winds, and a univariate analysis of relative humidity increments are performed on mandatory pressure
levels (Dey and Morone 1985; DiMego 1988). The
analysis increments are then interpolated back to
model levels. A "diabatic initialization of the increments" is then performed in order to reduce the
amplitude of high-frequency gravity waves. It uses the
nonadiabatic terms obtained from integrating the model
for seven steps. Only the first four vertical modes of
the model, and only those gravity waves

2. Description and recent operational
implementations
In this section we briefly describe the NMC global
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1 Optimal interpolation is an objective analysis method based on
the statistical minimization of the analysis errors (Gandin 1963;
Lorenc 1981). In this method one assumes a knowledge of the error
statistics of the first guess and of the observations. When several
variables (e.g., geopotential heights and horizontal wind components) are analyzed simultaneously, taking into account that they
may be correlated, the analysis is denoted multivariate.
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FIG. 1. Northern Hemisphere Daily 1000-hPa rms height error (m) of the 1-, 3-, and 5-day forecasts. Left: August and September 1986.
Right: July and August 1989. Solid lines; ECMWF. Dashed lines; NMC. (Courtesy of ECMWF).

FIG. 2. As in figure 1, except for 500 hPa.
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dioxide are obtained from climatology. Until November 1989, the surface albedo and soil wetness were
initialized from climatology and updated from the
forecast of snow cover and precipitation. The model
orography is enhanced using a "silhouette" (highest
peaks) definition (Mesinger et al. 1988).
b. Recent changes
The following changes have been implemented in the
NMC global system during the last few years:
1) May 1986: The vertical resolution of the MRF
model was increased near the surface and shallow cumulus convection and vertical diffusion
were introduced. The new MRF was implemented
in the GDAS, resulting in major improvements of
the analyzed divergence (Arkin et al. 1988).
2) November 1986: The MRF, with comprehensive
physical parameterizations, replaced the global
model with minimal physics which was previously
used for aviation forecasting.

FIG. 3. Schematic depiction of the NMC global data-assimilation system.

with a period shorterthan 48 hours are initialized. This
provides the initial conditions for the next cycle, as well
as for short- and medium-range forecasts.
2 . MEDIUM-RANGE FORECAST MODEL^MRF)

The model used for the global analysis (GDAS), and for
the aviation and medium-range forecasts is the MRF
model (Sela 1980; 1988). The model is spectral (since
1980), has a horizontal triangular truncation of T80,
corresponding to a (Gaussian) grid size of 1.5° or 160
km, and 18 vertical levels, the lowest one located about
5 hPa above the surface.
The model has a comprehensive set of physical
parameterizations, documented in NMC Development
Division Staff (1988). It includes convective heating (a
modified version of Kuo 1965; 1974) and large-scale
precipitation, as well as evaporation of falling raindrops. The boundary-layer physics (developed by GFDL
and modified by NMC) is based on the Monin-Obukhov
similarity theory. Vertical diffusion of heat and moisture due to shallow cumulus convection is based upon
Tiedke (1983). Short-wave radiation is computed following
Lacis
and
Hansen
(1974),
and
the long-wave radiation was developed at GFDL by
Fels and Schwarzkopf (1975; 1988). Ozone and carbon
1412

3) August and September 1987: The horizontal
resolution was increased from rhomboidal truncation R40 to triangular T80 (Sela 1988). Improvements were made in the surface fluxes and vertical
diffusion time schemes (Kalnay and Kanamitsu
1988). A diurnal cycle and drag due to mountaingenerated gravity waves were introduced (Alpert et
al. 1988) and the moisture carrying layers were
extended from 12 to all 18 layers.
4) May 1988: The optimal interpolation scheme in
the GDAS was partially unified between the regional and global systems (DiMego 1988). Ship
wind data were no longer geostrophically corrected in the analyses. An improved formulation of
surface evaporation was implemented (Pan 1988;
1990).
5) December 1988: Updated error estimates (reducing the error of conventional data and of the
model first guess) were introduced in the analysis.
As a result, the estimated analysis errors became
much more realistic, especially in the tropics. In
the radiation scheme, the model's zonally symmetric clouds were replaced by model-diagnosed clouds
following Slingo (1987). The horizontal diffusion
of the model was reduced, and the zonal advection
of vorticity and moisture were made semi-implicit,
allowing for a larger time step (Simmons et al.
1978).
6) January 1989: The data hold time for the
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aviation run was reduced from 3.5 hours to 2.75
hours in order to speed up the reception of the
aviation forecasts over the GTS. Also in January,
new quality control systems for rawinsonde temperature and height observations at mandatory
pressure levels (Gandin 1988; Collins and Gandin
1988; 1989) were implemented (described in section 5b).
7) August 1989: The MRF model was restructured
in order to separate the hydrodynamics from the
physics. This reduces the memory requirements,
and, in principle, allows the possible use of a
different Gaussian grid for the physics than that
used for the hydrodynamics.
8) December 1989: The specification of the surface
parameters was improved. The soil wetness, which
was previously initialized in the GDAS from
climatology, is now updated using the model forecast of precipitation and evaporation. The soil and
air-surface temperatures are also updated using the
model prediction. The snow depth is specified as a
combination of observed snow cover (updated
once a week) and the model forecast. Sea-ice
boundaries are set equal to the initial analysis by
the Joint Ice Center. The above changes improved
the near-surface analysis fields and the overall
forecasts, primarily in the 6-10-day range. In addition, the nonlinear normal mode initialization was
replaced by a nonlinear initialization of the analysis increments (Cao et al. 1990). In this new
scheme, performed after the analysis, the tenden-

cies of the gravity modes are set equal to those of
the 6-h forecast, rather than set to 0.0 as in
conventional nonlinear normal mode initialization.
Results indicate little change in midlatitudes, but
tidal oscillations in the tropics are in much better
agreement with observations.
9) February 1990: A more accurate long-wave
scheme developed at GFDL was implemented, incorporating improvements based on an international comparison of radiation algorithms and recent
laboratory absorption data for water vapor and
carbon dioxide.
10) April 1990: The quality-control system for rawinsonde temperature and height observations (Collins
and Gandin personal communication) was extended to significant levels.
11) May 1990: The operational global system was
transferred from the Cyber 205 to the new Cray
YMP-832 computer, and the horizontal resolution
was increased in the analysis from 4.29° long x
7.2° lat to 2.14° long x 1.08° lat.

3. Evolution of the global system
performance
In this section we present a few statistics on the
evolution of the forecast skill of the NMC global
forecast system.

FIG. 4. Rms fit of the 6-h 500-hPa forecast to 102 Northern Hemisphere rawinsondes. Top curve: Southern Hemisphere. Bottom
curve: Northern Hemisphere.
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FIG. 5. The 250-mb rms vector wind error for NMC operational 24-h forecasts from January 1982 through March 1990. Top curve:
Southern Hemisphere. Bottom curve: Northern Hemisphere.

a. 6-h forecasts
One measure of the performance of the GDAS in representing the "correct" initial state is the magnitude of
the error in the 6-h forecasts as determined from comparisons with radiosonde observations. This statistic
has been maintained at NMC since the introduction of
the GDAS in late 1977. Figure 4 shows monthly values
of rms error in 6-h forecasts of 500-hPa height from
September 1977 through March 1990, for the Northern
and Southern Hemispheres separately. Comparisons
are based upon 31 selected rawinsonde stations in the
Southern Hemisphere (see Bonner et al. 1986) and 102
Northern Hemisphere stations. In both hemispheres,
the errors decrease with time. A major reduction in
Southern Hemisphere errors took place in late 1978
with the introduction of a new global data-assimilation
system based on Ol (McPherson et al. 1979). Other
significant improvements occurred in early 1980 with
the introduction of the NMC spectral model into the
GDAS and in mid-1986 with the change from a lowresolution (R24, 12 layers) version of this model to a
higher-resolution (R40,18 layers) version with a more
comprehensive physics (section 2). The improvements
from the changes implemented from 1987 to 1989 are
also very apparent.
1414

b. Short-range wind forecasts
Figure 5 shows monthly values of the rms wind vector
error of NMC 24-h aviation forecasts at 250-hPa wind.
As in figure 4, forecasts are verified against observations at 31 Southern Hemisphere (SH) and 102 Northern Hemisphere (NH) stations. There has been a
steady improvement in the NH, from about 1 1 m s 1 in
1982 to about 8 m s 1 in 1989-90. In the SH the improvement occurs mostly in the summer, whereas the
winter errors are more variable.
c. Medium-range forecasts
Figure 6 shows the winter (DJF) 500-hPa heightanomaly correlation 2 from 20°N to 80°N using zonal
wavenumbers 0 to 12, and for all the winters from 1980
through 1989/90. Although for short-range forecasting the progress has been rather steady, in the medium range it has been more variable. The first four
years show little improvement with time; 1985/86
2 Anomaly correlation is a measure of forecast skill, varying
between -100% and 100%. It is the pattern correlation between the
forecast anomaly (i.e., the difference between the forecast climatology) and the verifying analysis anomaly. Forecasts with anomaly
correlations of 60% or larger are usually considered synoptically
useful.
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crosses 60% and 40%. It shows that the large improvement in the last two years may have been partly
due to the more persistent nature of the flow.
d. Transient eddy kinetic energy
The changes described in section 2b have also resulted in an improvement in the representation of
transient eddies. In the winter (DJF) of 1987/88, the
model forecast decreased the transient eddy kinetic
energy by 25% after three days and by 31 % after five
days. In the winter of 1988/90, the decrease in eddy
energy after three and five days was only 14% and
15%, respectively (G. White, personal communication).

4. Dynamic extended-range forecasting
experiments
FIG. 6. Anomaly correlation (see footnote 2) as a function of
forecast length for the December-January-February winter seasons
of 1981/82 throughout 1989/90. The anomaly correlation is computed from 20°N to 80°N and includes only zonal wavenumbers 0 to
12.

FIG. 7. Average time at which the winter (DJF) anomaly correlation (AC) of the NMC global model forecast crosses 60% (top curve).
The bottom two curves indicate the time at which the AC of a
persistence forecast crosses 40% and 60%, respectively.

through 1987/88 are considerably better; and the last
two seasons, 1988/89 and 1989/90, are clearly the
best. Although the overall improvement must be associated with the changes of the systems, part of the
variability may be due to interannual variability in the
atmospheric predictability. Figure 7 shows the time at
which the anomaly correlation of the forecast crosses
60%, as well as the time a persistence forecast
Bulletin American Meteorological

Society

In this section we consider experiments that explore
the use of the model for dynamical predictability
beyond ten days. We first review the systematic characteristics ofthe NMC model climatology as shown in
a 1 -yr integration of a T40 model. Then we discuss results from an extensive winter Dynamic Extended
Range Forecasting (DERF) experiment performed
during the winter of 1986/87, and finally some recent
experiments performed for the period of the North
American drought of 1988.

a. Results of a 1-yr climate simulation
Kanamitsu et al. (1989) have recently completed a
12.5-month integration using a version of the MRF
model identical to the December 1988 version of the
operational model except that the horizontal truncation was reduced from T80 to T40 (equivalent to
increasing the size of the Gaussian grid from about
160 km to 320 km). This resolution is still high enough
that the simulation of the climate characteristics should
be similar to that ofthe operational model. The climate
simulation was started on 15 May 1988, and ended on
1 June 1989. Figure 8 presents the simulated and
climatological 1000-hPa fields for the June-August
(JJA) period, as well as the corresponding fields for
the period December-February (DJF). In general, this
simulation compares very well with the present-day
climate simulations. It is realistic not only in the
Northern Hemisphere but in the Southern Hemisphere
as well, where the "roaring forties" regime is notoriously difficult to reproduce with general circulation
models. The stationary waves tend to be stronger than
observed, but are within observed interannual variability. The 500-hPa fields (not shown) are similarly
1415
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realistic.
Despite the fact that the climate simulation is generally very good, it has some deficiencies. There is a
tendency to generate excessive thermal lows over the
summer continents. Another serious problem is the
tendency of the NMC model to become colder than
observed. This cold bias was reduced in the tropics by
the changes implemented in December 1988, (CapIan and White 1989), but it is still large in midlatitudes.
Figure 9 shows the simulated and observed zonally
averaged wind for all seasons. Overall the simulation
is quite good, locating the jet maxima close to the observed positions, and with approximately their observed intensity. It is noteworthy that the model is able
to close the jets in the stratosphere and separate the
subtropical and polar night jets, features usually absent in most simulations. For JJA, and SON (not
shown), the model is able to simulate the existence of
a double jet maxima in the SH, although with a weaker
separation than observed. Both the magnitude and
position of maxima in the NH are well reproduced. In
the NH winter and spring, the jet maxima have the
right amplitude but are displaced poleward by about

5°. In the SH summer and fall, however, the model has
jet maxima stronger than observed by more than 10
m s"1. The easterly bias in the tropics is 10 m s 1 or less
in all seasons.
A difficult field to simulate is the climatological precipitation. Figure 10 presents the precipitation for
June, July, August, and December, January, February
from the 12.5-month simulation. There is a good representation of the climatological storm tracks, south
Pacific and south Atlantic Convergence Zones, winter
and summer monsoonal maxima, and the dry maritime areas west of the continents. A major deficiency
in the precipitation, however, occurs over South America
during the SH summer, with too little precipitation over
the Amazon and excessive rain over the Andes. This
problem may be associated with the model's representation of the Andes, and affects short-range forecasts (Ballish et al. 1989; Black and Mesinger 1989).
b. The DERF experiment of 1986/87
From 14 December 1986 to 31 March 1987, NMC performed an extensive experiment on DERF, with 108

FIG. 8. The 1000-hPa field. Climatological (top) and simulated (bottom) 3-month averages for June-August (left) and DecemberJanuary.
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FIG. 9. Simulated and observed zonal wind.

contiguous 30-day forecasts performed with the then
operational R40,18-level model (Tracton et al. 1989).
This rich dataset, including extensive diagnostics, was
then condensed onto five tapes or a compact disk
(Schubert et al. 1989), and is available to the research
community. One of the most striking results was that
the forecast skill at extended ranges varied considerably from day to day. Figure 11 shows the anomaly correlation for 1 -30-day means, and indicates that the dynamical model is almost always more skillful than a
persistence of the anomaly forecast. This is encouraging, because persistence of the predictands is generally competitive with NMC/CAC's operational Monthly
Outlook (although the Outlooks are released three to
five davs prior to the month). However, the best estima-

FIG. 10. Simulated rainfall.
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FIG. 11. Anomaly correlation (see footnote 2) for 30-day model and
persistence forecasts for 108 successive days in the winter of
1986/87.
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FIG. 12. a) The 500-hPa field verifying analysis for 10 January 1987. b) Original forecast, c) A 10-day forecast with current operational
system.

tor of the 30-day mean circulation is not the forecast
30-day mean, but the average of only the first seven
to ten days. Beyond ten days there are many cases of
skillful predictions, but, because the average skill is
low, the operational utility of extended runs requires a
means to discriminate, a priori, between good and
poor cases. Some encouraging preliminary results
were obtained using both agreement between fore-

casts (Kalnay and Dalcher 1987; McCalla and Kalnay
1988), forecast persistence (Branstator 1986; Chen
1989), and the PNA index (Palmer 1988) to predict the
skill (Tracton et al. 1989). It is interesting to note that
in the experience of ECMWF, the winter of 1986/87
was considerably more difficult to predict beyond ten
days than either the previous or the following winters
(Palmer et al. 1989).

FIG. 13. Standing waves for a 30-day average period in May/June 1988 minus June climatology, a) Analysis starting on 22 May. b) 30day forecast from 21 May. c) 30-day forecast from 22 May. d) 30-day forecast from 23 May.
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FIG. 14. Difference between 30-day forecasts using 1988 SSTs
and using climatological SSTs. a) Analysis starting on 22 May. b)
30-day forecast from 21 May. c) 30-day forecast from 22 May. d)
30-day forecast from 23 May.

Tracton et al. (1989) pointed out that the inability ofthe
model to predict the evolution of blocking beyond a few
days resulted in episodes of poor skill. The model
changes of 1987 and 1988 described in section 2 had
a considerable positive impact on one of those blocking cases recently rerun. Figure 12a shows the analyzed 500-hPa field for 12 January 1987, with a
pronounced case of blocking that the operational
model could not predict (figure 12b), and therefore
resulted in low skill in the medium- and extendedrange forecasts. Figure 12c presents the same 10day forecast, but using the present system.
Bulletin American Meteorological Society

c. Experiments on the North American drought of
1988
In a recent paper, Palmer and Brankovic (1989) have
shown that of the two experimental 30-day integrations performed at ECMWF from 21 and 22 May
1988,one had significant skill in predicting the anomalous high pressure over North America associated
with the drought that occurred during that spring and
summer. Following Trenberth et al. (1988), they attributed this partial but remarkable success to the anomalous "La Nina" SSTs observed during that period. We
have now performed several 30-day experiments with
the T40 model for the same period in order to determine whether the higher than normal predictability
was also apparent in the NMC system (Mo et al. 1990).
Figure 13a-d presents the observed 30-day, 500hPa stationary anomalies with respect to climatology,
and the predicted anomalies starting from 21,22, and
23 of May 1988 respectively, using the analyzed NMC
SST anomalies fixed at the initial time. The results are
truly remarkable: not only is there excellent skill over
North America, but the high skill extends over the
whole NH. Moreover, there is good agreement among
the three forecasts, indicating that such a forecast
should be highly reliable, as it actually turned out to be
(although it was not made in real time).
The anomalies of 1988 were unusual in the sense
that they were similar to the observed climatology of
the month, so that stationary waves were similar in
phase but much stronger than normal. This suggests
that the extraordinary predictability of this month may
be associated with initial conditions which corresponded
to a rather stable regime. This hypothesis is supported
by barotropic stability experiments, indicating that a
slowly growing dominant mode is similar in shape to
both the climatological stationary waves and to the
anomalies of 1988. However, further experiments
also confirm that SST anomalies had some impact.
Figure 14a-c shows the difference between the forecasts from 21,22, and 23 May 1988 using analyzed 621 May 1988 SSTs and climatological SSTs, respectively. An inspection of the areas of agreement between the three maps suggests that the 1988 SST
anomalies contributed to the observed anomalous circulation over North America, but not over the rest of
the NH (Mo et al. 1990).

5. Current research and plans
NMC has recently completed the acquisition of a Cray
YMP-832 computer with significantly more power than
the current Cyber 205. A more powerful computer
should allow an increase of the model and analysis
1419
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FIG. 15. The 250-mb analysis increment for winds produced by operational NMC analysis (1200 UTC 27 June 1989).

FIG. 16 As in figure 15, except the 250-mb analysis increment for winds was produced by spectral analysis. Resolution is T80 with 12
vertical modes.

resolution, which, in the past, has generally led to a
corresponding increase in skill. Current plans include
an increase in horizontal resolution from T80 to at
least T120 (corresponding to a Gaussian grid resolution of about 110 km), and in the number of vertical levels, from 18 to about 30. In addition to resolution, there
are several areas of current research at NMC that we
also hope will contribute to further increase in skill. In
this section we review a few of those areas and our
1420

plans for the next few years.
a. Analysis
1. ANALYSIS UNIFICATION AND -SMALL
VOLUME" APPROACH

A "unified" analysis designed to perform both the
regional and global optimal interpolation analyses is
currently being tested for operational implementation.
Vol. 71, No. 10, October 1990
Unauthenticated | Downloaded 01/09/23 01:01 PM UTC

The new system is similar to the regional analysis
system (DiMego 1988), and is quite flexible, so that
changes in resolution, analysis levels, etc., can be
made with a relatively small effort. The main differences between the unified system and the global operational analysis are the following: 1) the analysis is
performed on the model sigma surfaces, rather than
on pressure levels; 2) the new system uses all data up
to 10 hPa, whereas the operational system reaches
only 50 hPa; and 3) it includes surface and significant
level data in addition to the mandatory pressure-level
data. This will allow higher-resolution analysis in the
planetary boundary layer and in the stratosphere.
Currently, and for reasons of economy, the analysis is performed on a "thinned" grid and then linearly
interpolated to the Gaussian grid. An alternative
approach being studied is a "small volume" method (J.
Woollen, personal communication) in which the same
data is used for each of the four points of a grid box.
Four sets of weights are computed using optimal interpolation and are then used to distribute the observational increment to the four grid points. This approach
is similar to that developed by Lorenc (1981) and used
operationally at ECMWF, except that the horizontal
analysis boxes are smaller and do not overlap in the
case of the small volume method.
2 . SPECTRAL OPTIMAL INTERPOLATION

An alternative approach to global analysis is also
being developed for possible use with the NMC global
spectral model and is denoted "spectral optimal interpolation" (Parrish and Derber 1989; 1990). As in conventional optimal interpolation, the analysis error
variance is minimized given an assumed knowledge
of forecast and observation error statistics. However,
the new procedure differs from the operational NMC
analysis in three important ways. First, the forecast
error covariance model is defined using the model
normal modes. Errors are assumed to be random and
uncorrelated in mode space, and fast modes are set
to zero. The shape of correlations in physical space is
controlled by the error variance assigned to each
mode. Second, the analysis variables are the same as
the model forecast variables (i.e., the model sigmacoordinate spectral coefficients). No intermediate
variables are used. Third, all data are used at once to
solve one giant matrix problem, rather than analyzing
successive grid points or volumes as in current systems.
The success of the spectral analysis depends first
on whether it is possible to obtain an efficient solution
of the giant matrix problem. The use of a preconditioned conjugate gradient method seems to be adequate for this purpose. Fifty iterations are sufficient,
and the cost per iteration is comparable to one time
Bulletin American Meteorological Society

step for the dynamics calculation in a spectral model.
As a result, the computational cost of the new scheme
is competitive with the operational analysis.
Preliminary tests are promising. Figures 15 and 18
compare the operational analysis increment with that
produced by the new analysis for 250-hPa winds for
1200 UTC 27 June 1989. The test analysis was run at
T80 with 12 vertical modes. Positive features to note
are the smaller amplitude of the increments, particularly over South America, and the elimination of smallscale features near rawinsonde data, and along the
Antarctic coast. It is interesting that the new system
was able to detect and correct a small zonal wind error
bias present at that time near the poles in the operational system. Despite the smaller increments and
smoother characteristics, the overall fit of the test
analysis to observations is better. The spectral Ol is
now being tuned for best performance in the 6-h global
data-assimilation system
b. Comprehensive quality control
Recognizing the importance of data quality in attempting to produce accurate initial analyses, NMC is developing a new system for observational Data Processing, Monitoring, and Quality Control (DPMQC).
The new quality-control procedures are based on the
following principles: (1) quality control will involve a
one-step decision procedure based upon a collection
of quantitative information from a multiplicity of checks
(the multiple checks should include both full field
values and differences from the assimilating forecast); (2) quality-control algorithms should depend on
the type of observing system; (3) the human, interactive element should he minimized, but not eliminated;
and (4) rapid and effective direct NMC-to-data producer feedback should be arranged wherever possible.
Principle (1) is based upon the Complex Quality
Control (CQC) philosophy proposed by Gandin (1988).
The quality-control checks currently being tested are
hydrostatic checks (see next subsection), horizontal
and vertical consistency checks based on univariate,
crossvariate and multivariate optimal interpolation,
"areal" checks allowing for displacement of features in
the forecasts (J. Thiebaux personal communication),
time-series checks, a special intercomparison of aircraft wind reports (section 5b2), and speed-dependent checks on cloud-track winds. A decision-making
algorithm (DMA) will use all the information provided
by the checks to make the quality-control decision for
each observation.
A key element that will enable the new DPMQC
system to function effectively is the creation of a new
database easily accessible in a wide variety of ways.
This new database will consist of both the observa1421
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tions themselves and information about the observations (denoted "events"), both current and
during the most recent month or so. Examples of such
data "events" to be included in the database are the
differences between the observed values and the assimilating forecast, the residuals of the various checks
listed above, and the nature of the quality-control
decision made on the observational data. Work on the
design ofthe new database is progressing in parallel
with the development of the NMC CQC algorithms.
1. HYDROSTATIC QUALITY CONTROL

As part of the new quality-control system, a complex
hydrostatic quality control (CHSQC) of rawinsonde
height and temperature data on mandatory isobaric
surfaces has been designed (Gandin 1988; Collins
and Gandin 1988; 1989). The CHSQC approach is
different from that used in existing methods in that a
DMA uses several residuals of the hydrostatic equation in order to diagnose and correct, when possible,
erroneous information. To achieve this, the DMA
applies existence and magnitude criteria for each
error type, and performs a search for simple corrections, such as a transposition of digits or a change in
sign of the temperature.
After extensive testing, the CHSQC was implemented into operations in January 1989 and is now
applied to all mandatory pressure rawinsonde reports
received at NMC. An extension to significant levels
was implemented in April 1990. All "confident" corrections suggested by the DMA are performed automatically. For some reports, the CHSQC proposes two or
more possible decisions of how to correct erroneous
data but sometimes is unable to choose among them.
The proposed actions are automatically submitted to
a Meteorological Operation Division (MOD) specialist
who makes a decision. Regular monitoring of the
CHSQC performance is based on automatically produced daily and monthly summaries. Information of
this kind is also forwarded to other centers.
Statistics obtained in the course of the CHSQC
monitoring (averaged over six months) are presented
in table 1 for January-June 1989. The statistics were
collected over comparatively large regions so they
would be more representative. The following main
conclusions may be drawn from these data: 1) of the
total number of rawinsonde reports (about 700) obtained at NMC every 12 hours, about 8% contain at
least one hydrostatically detectable error each, and
about half of those are confidently corrected by the
CHSQC alone; 2) an overwhelming majority of these
errors originate on communication lines and are caused
by human intervention in the communication process.
Computational errors caused by human processing
produce a comparatively small number of errors. The
1422

TABLE 1. Six months of CHSQC performance statistics
Number of detected errors per observed time
overall
confident height corrections
confident temperature corrections
two possible corrections
(provided to MOD)
other types

number
52
14.5
11.2
9.3

percent
100
27.8
21.6
18.1

17.5

32.5

Percentage of reports containing detected errors, R1, (number of detected errors divided by the number of reports) and percentage of
confidently corrected errors, R2, (number of confidently corrected
errors divided by overall number of detected errors) for some regions.
Region
Western Europe
Eastern Europe, Turkey
USSR
Near East
India
Mongolia
Hong Kong, Taiwan
Korea, Japan
Indochina
China
Africa
USA
Canada
Central America
South America
Antarctica
Pacific Islands
Australia, New Zealand

WMO blocks

R1

R2

1-4,6-8,10,16
9,11-13,15,17
20-38
40-41
42-43
44
45-47
45-47
48
50-59
60-63,65,67
70,72,74
71
76,78
80-87
89
91,96-98
93-94

2
7
6
8
31
22
4
4
24
8
17
0.6
1
10
17
4
12
9

62
59
58
45
33
55
62
62
42
55
45
42
41
52
49
54
41
60

number of errors for countries using completely automated processing and communication systems is
very small; 3) although the absolute number of errors
is high for countries with vast territories (particularly
the USSR, China, and India, where about one-half of
all the errors originate), the relative numbers are
substantially higher over other regions, such as Indochina, Africa, and South America, as well as in India.
It is particularly important to correct erroneous data
from these data-sparse regions; and 4) Some regions, such as India, the Pacific Islands, and Indochina, produce many reports containing several errors
each, which suggest, perhaps, a lack of experience
and/or training of the personnel involved.
An improved CHSQC version, capable of correcting errors at two adjacent levels by including statistical interpolation checks, was implemented on 28 June
1989. The CHSQC has also been recently extended
to significant level data.
2 . AIRCRAFT WINDS

A new quality-control algorithm for aircraft winds is
being tested for implementation. The quality control is
Vol. 71, No. 10, October 1990
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done by considering unique features of the aircraft
wind reporting system, and uses the full observational
values rather than increments with respect to the first
guess. It a) applies consensus-type quality-control
decisions at those navigation checkpoints where three
or more reports are collected within a 6-h time block;
b) creates "super-observations"3 when appropriate,
preserving information on wind variations with time
and altitude; and c) appends a series of hierarchical
quality marks depending upon the degree of consensus information (Julian 1989).

tially faster, while retaining the satellite directional information.
A recent workshop on satellite retrievals and their
use for numerical weather prediction took place in July
1989 at NMC, with the participation of NASA and
NOAA/NESDIS scientists. One of the main recommendations was that a special effort be devoted to the
improvement of the first guess used in the inversion of
the satellite radiances, because it strongly influences
the quality of the temperature retrievals. A promising
effort in that direction is described in the next subsection. The problem of eliminating the effect of clouds
from the observed radiances (denoted "cloud clearing") was also singled out as an area where operational retrievals could be significantly improved. The
workshop concluded with the establishment of a collaborative effort to develop a system that combines
the strongest characteristics of the retrieval methods
developed at NASA and NESDIS.

c. Use of satellite data
A special effort is underway at the NMC to improve
and extend the use of current satellite data, as well as
to prepare for the use of data from future space-based
observing systems (e.g., data from NASA's Earth
Observing System [EOS], GOES/NEXT, the new
European and Japanese satellites that are planned,
etc.).
1 . NESDIS/NMC I N T E R A C T I V E R E T R I E V A L P I L O T
Satellite data are currently utilized in a less than
STUDY
optimal way at NMC and other centers. Currently, the
6-h temperature NH forecast errors in the lower tropo- Over most of the globe, the present-day model 6-h
sphere are only of order 1 -2°K, whereas the accuracy forecast during the data assimilation is quite accurate
of the operational satellite retrievals is typically 2-4°K. and could be used in the retrieval process instead of
This indicates that, unless special care is taken, the statistical climatology (denoted "library search") used
use of the satellite temperature soundings could have in the present operational system (Fleming et al. 1986;
a negative impact on the quality of the forecasts for the 1988). A natural approach for this is an "interactive"
NH. Similarly, satellite cloud-track winds are known to system (figure 17), where the assimilation model
seriously underestimate the wind speed in strong wind
situations (e.g., in the subtropical jets), so that their
use can sometimes hurt the forecast skill.
The complete solution of some of these problems
may have to wait for more accurate space sensors,
such as those planned for EOS (e.g., the Advanced
Infrared Sounder [AIRS] and the Laser Atmospheric
Wind Sounder [LAWS]). In the meantime, however,
and in collaboration with NESDIS and NASA scientists, NMC plans to test a number of improvements
that have the potential to reduce or eliminate the main
difficulties with the current use of satellite data.
One way to improve the utilization of satellite data
is to enforce stricter standards of quality control.
Satellite temperature retrievals or cloud-track winds
that are substantially different from the model 6-h
forecasts can be required to pass more stringent tests
in order to be accepted and assimilated (Kelly et al.
1990). A technique to reduce the problem of slow bias
in the cloud-track winds (G. DiMego personal communication) replaces the jet level cloud wind speed with
that of the model 6-h forecast, if the latter is substan-

3A super-observation is a weighted average of several observations that are too close in space to be used independently.
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FIG. 17. Schematic diagram of an interactive analysis/forecast/
retrieval system.
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forecast is used as a first guess by the retrieval
scheme (Baker et al. 1984). The model forecast has
also been used with a variational approach to analyze
radiances directly for numerical prediction (Eyre and
Lorenc 1989). The interactive approach, developed
and used extensively in a research mode by J. Susskind and collaborators at the NASA Goddard Space
Flight Center, has been shown to have a beneficial
effect on both the accuracy of the 6-h assimilation
model forecast and that of the retrievals (Susskind
and Pfaendtner 1989). More importantly, the negative
impacts on medium-range forecasts over the NH are,
for the most part, eliminated. The interactive approach, combined with the use of physically based
retrievals (Susskind et al. 1984; Fleming et al. 1986;
1988) also facilitates retrieving additional geophysical parameters. In addition to temperature profiles and
moisture soundings, estimates of a wide range of
geophysical parameters (land and sea-surface temperature, ice and snow extent, cloud-top pressure and
amount, outgoing long-wave radiation, soil moisture,
total ozone, and precipitation), can be obtained.
A joint NESDIS/NMC pilot effort was initiated in
early 1989 to develop an interactive retrieval system.
Preliminary results have been obtained for two time
periods and are shown below. For the 24-h period for
30 April 1989, the retrievals were produced using the
NMC global 6-h forecast as the first guess for the retrievals, but off-line from the assimilation or "noninteractively." Subsequently, during the 12-h period beginning 0000 UTC 27 January 1989, retrievals were
produced interactively.
The top panel of figure 18 compares the accuracy
as measured against rawinsondes of the NESDIS
operational retrievals (Fleming et al. 1986; 1988) and
those produced using the NMC 6-h forecast as the first
guess for the noninteractive test. At the bottom of figure 18, the accuracy of the latter set of retrievals is
compared with that of the 6-h forecast. The results are
quite encouraging, given the fact that only the guess
and the solution covariance matrix were changed in
the retrieval system. The improvement in the accuracy of the retrievals using the 6-h forecast over that
of the operational retrievals is substantial in the 700hPa to 250-hPa layer and near the surface.
The top panel of figure 19 compares the accuracy
as measured against rawinsondes of the operational
path A (clear) retrievals produced interactively for the
second time period. The results for the path C (cloudy)
retrievals are shown at the bottom of figure 19. It may
be seen that, even for the clear retrievals, which are
generally more accurate than cloudy retrievals, the
interactive approach has resulted in a small improvement throughout the troposphere (1000-200 hPa).
The accuracy of the interactive retrievals is signifi1424

FIG. 18. Rms difference between rawinsondes and collected retrievals (top) and between rawinsondes and retrievals or rawinsondes and the 6-h forecast (bottom) for a sample size of 273 collocations from the 24-h period for 30 April 1989.

cantly poorer in the stratosphere than that for the
operational soundings at the present time, because
the current NMC analyses and forecasts are not
accurate in the stratosphere, and, therefore, provide a
poor first guess.
For the cloudy retrievals (bottom of figure 19), there
is a significant improvement of the order of 1 °K throughout the troposphere (up to 150 hPa) with the interactive approach. It should also be noted that the magnitude of the collocation errors shown in figures 18 and
19 are relatively large because a large collocation window (300 km, +3 hours) was used in order to increase
the sample size.
2.

OTHER

NEW

USES

OF

SATELLITE

DATA

The Special Sensor Microwave Imager (SSM/I) is a
seven-channel, four-frequency, linearly polarized
microwave radiometer that can be used to measure,
among other things, total precipitable water and wind
speed over the oceans. In anticipation ofthe real-time
availability of oceanic surface wind speed data at
NMC in early 1990, we have begun to develop the
Vol. 71, No. 10, October 1990
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capability to utilize these data in the global data-assimilation system. This also lays the groundwork for
utilizing scatterometer oceanic surface wind data from
European, Japanese, and United States satellites in
the 1990s. A key question in the effective utilization of
SSM/I and similar data is under what conditions the
influence ofthe surface wind data should be extended
to the levels of the model above the planetary boundary layer (PBL). We plan to make this dependent on
the stability of the PBL, as suggested by R. Atlas
(personal communication).
Recently, Alishouse and Snyder (1989) compiled
some 235 matchups between radiosonde and SSM/I
total precipitable water estimates over the tropical
oceans (25°S-25°N) and found an rms difference in
precipitable water between the radiosonde and SSM/
I observations of about 3.8 mm. The agreement of the
SSM/I moisture measurements with rawinsondes is
encouraging. NMC plans to conduct analysis/forecast
experiments with these data.
With respect to cloud-track winds, the new technique of "C0 2 slicing" (Merrill 1989), seems promising
in reducing the bias problems. An evaluation of data
produced at NESDIS using that approach, as well as

15-min data separation between images compared to
the presently operational 30-min data has been performed, with encouraging results. It is expected that
these improvements will increase the accuracy of
NESDIS cloud-track winds and will become operational in 1990.
We are also exploring, following a February 1990
NESDIS/NMC workshop on the same subject, the use
of satellite vegetation index data to initialize soil wetness in the model.
d. Future model development and applications
1. HYDRODYNAMICS

The arrival of more powerful computers (NMC has
recently acquired a CRAY-YMP with eight processors
and 32 MB of memory) should allow NMC to increase
the horizontal resolution of the global spectral model
from triangular 80 wave (T80 is equivalent to 160 km)
to T120 (equivalent to 110 km) or, if possible within operational time constraints, perhaps up to T160 (equivalent to 80 km). The number of vertical levels will be
increased from the current 18 to perhaps about 30. We
are exploring, in collaboration with D. Williamson of
NCAR, and R. Bates of NASA/GLA, the possible
operational use of either a spectral or grid-point semiLagrangian model. Research will continue on improving the vertical finite differences, the formulation of the
hydrostatic equation, and on determining optimal vertical
and horizontal resolutions.
2 . PHYSICAL PARAMETERIZATIONS

A major emphasis will be placed on improving the
physical parameterizations, and, in particular, the
convective parameterization with prediction of liquidwater content, the turbulent closure in the PBL, a better formulation of the horizontal diffusion, and the
effects of orography. Coupling the atmospheric model
with the NOAA surface-ocean-wave model (NOW),
and with a sea-ice model is also planned. Reduction of
the spin-up is also another critical area. An exploratory
project in collaboration with A. Leetmaa of NMC/CAC
is also underway to couple the atmospheric model
with an ocean model (originally developed at GFDL
and already used at CAC for ocean data assimilation),
for possible use in extended range forecasting. Collaboration with research groups will be fostered by the
use of "plug compatible" modules (Kalnay et al. 1989).
3 . FORECAST OF THE SKILL

FIG. 19. Rms difference between rawinsondes and collocated
clear (path A) retrievals (top) and for rawinsondes and cloudy (path
C) retrievals (bottom) for a sample size of a few hundred from the 12h period beginning 0000 UTC 27 January 1989.
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Research is proceeding towards experimental forecast of the skill for short- and medium-range applications (McCalla and Kalnay 1988; Kalnay and Ham
1989), as well as for extended-range applications
(Tracton et al. 1989). For short- and medium-range
1425
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applications, the use of the agreement among the
members of an ensemble of forecasts (Kalnay and
Dalcher 1987) appears to be quite effective as a
predictor of skill. At NMC we are using as members of
the ensemble the UKMO and ECMWF 12-h old forecasts as received over the GTS, as well as the NMC
global 24-h old forecast. We plan to add other operational forecasts to this ensemble as they become
available to us (e.g., the United States Navy and the
Japanese global forecasts). The predictand is the skill
of the latest MRF model forecast. In addition to forecast agreement, the amplitude of the anomaly with
respect to climatology (Branstator 1986), and forecast
persistence (Branstator 1986; Palmer and Tibaldi
1988; Chen 1989), have also been found to be useful
predictors. Other predictors (e.g., baroclinic instability
index, local regime, and others), were found to be less
successful (Kalnay and Ham 1989).
Figure 20a and b presents the predicted and observed anomaly correlations for the 4.5-day forecast
over "Europe" and "North America" respectively, for
the month of September 1989. Each independent prediction uses as training data the observations from the
previous 60 days. The predictors are agreement, rms
amplitude of the anomaly, and forecast persistence.

FIG. 20. Predicted (full line) and observed (dashed) 4.5-day MRF
500-hPa regional anomaly correlation for the month of September
1989 (see text), a) Europe (300N-60°N;00E-60°E), b) North America
(30°N-60°N; 60°W-120°W).
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The usefulness of such a system for the forecasters
will be experimentally tested in the NMC Meteorological Operations Division starting in the fall of 1990.
4 . ADAPTIVE CORRECTION OF SYSTEMATIC
ERRORS

Although a strong development effort is being devoted
to the improvement of the model, and, therefore, to a
reduction of the model's systematic errors, there are
some applications where a statistical removal of the
present errors would be desirable. Such a statistical
system to remove bias from the display of the model
output has been routinely tested since October 1989
(Saha and Alpert 1988; Alpert and Saha 1989). The
system uses the latest forecasts and verifications for
the most recent 30 days for training and corrects the
bias of only the largest seven modes of the geopotential height. The results indicate that this correction
does not affect in any significant way the anomaly correlations, while it essentially eliminates the mean
height errors, especially from the zonal modes. After
a period of evaluation, the corrected fields have become available for use by certain National Weather
Service centers, such as the Climate Analysis Center
and the National Hurricane Center. None of the results
presented here have been affected by the bias-correction procedure.
e. Climate data-assimilation system
Global analyses produced by the NMC GDAS are becoming increasingly important tools for monitoring
global climate. However, the goals of global data assimilation for operational forecasts and for climate
monitoring are often in conflict. First, the global dataassimilation system must be run early enough each
day to provide the initial analysis by the time a forecast
must be initiated. Thus, the collection of data for these
analyses misses late arriving data. Second, improvements are made frequently in the GDAS in order to
capture even small improvements in forecast accuracy. Changes in the analysis scheme or in the model
often introduce apparent changes in climate statistics.
Because of this, NMC plans to introduce by 1993 a
special Climate Data Assimilation System (CDAS) for
climate purposes. This system will not run under operational time constraints and it will not be changed
without prior testing of the effects of the proposed
change on important climate statistics. This is a new
responsibility for NMC, supported by the NOAA Climate and Global Change Program and consistent with
the mission of the NMC Climate Analysis Center
(CAC).
f. Extended-range forecasting
Dynamical Extended Range Forecasting (DERF)
experiments in support of the NMC/CAC monthly and
Vol. 71, No. 10, October 1990
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seasonal prediction mission will continue and may well
be extended to 90 days. Beyond 30 days, prediction of
the changes in external forcing, such as sea-surface
temperatures, soil wetness, sea ice, and snow cover,
may become very important. In collaboration with CAC,
extensive experiments with the current resolution model
(T80) will be performed to study the sensitivity of the
forecasts to changes in these boundary conditions.
Also in collaboration with CAC, an effort is underway
to couple the NMC global model with a global ocean
model developed at GFDL, similar to the regional model
used at CAC since 1986 for ocean data assimilation. The
coupled model will be used for experimental seasonal to
interannual predictions (Leetmaa 1990). We are also
exploring the possibility of coupling the atmospheric
model with land vegetation (in collaboration with the
University of Maryland) and sea-ice models.

6. Final comment
Progress in numerical weather prediction in the last ten
years has been remarkable. With continued international cooperation between data producers, and research and operational centers, we can expect that the
usefulness ofthe short-, medium-, and extended-range
predictions will continue to improve.
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