April 1982

No. 72

An occasional series reporting on U.S. and international GARP scientific, technical, and planning
activities, developments, and programs, presented as a public service to the meteorological community by the American Meteorological Society through arrangements with the U.S. Committee
on the Global Atmospheric Research Program of the National Academy of Sciences-National
Research Council. Opinions expressed in "GARP Topics" do not necessarily reflect the point of
view of the U.S. Committee.

An Assessment of the FGGE Satellite
Observing System during S O P - 1
M. Halem, E. Kalnay, W. E. Baker, and R. Atlas
Goddard Laboratory for Atmospheric

Sciences

(GLAS)

NASA Goddard Space Flight Center, Greenbelt, Md. 20771

Abstract
This study investigates the degree to which data from the spaceborne FGGE observing systems are able to determine the complete
state of the atmosphere when incorporated into a global objective
analysis cycle. Three data assimilation experiments are performed
with the Goddard Laboratory for Atmospheric Sciences (GLAS)
analysis/forecast system, using different combinations of the FGGE
level Il-b data collected during the first Special Observing Period
(SOP-1), 5 January through 5 March 1979. The control experiment
is an assimilation cycle with the complete FGGE II—b data. The
other two assimilation/forecast experiments consist of i) the conventional system without the satellite data and special FGGE data sets;
and ii) the FGGE II—b surface and satellite temperature soundings
and cloud-track winds, aircraft data, and special FGGE data sets,
but without the conventional rawinsonde/pilot balloon network.
From these experiments, we attempt to assess the accuracy of the
inferred mass and motion fields over data-sparse regions, by examining their influence on analyses and forecasts over data-rich regions.
The sensitivity of the analysis to the F G G E satellite data is shown by
comparisons of the 6 h forecast error of the 300 mb geopotential
height fields for these three experiments. It is found that large 6 h
forecast errors downstream of data-sparse regions are reduced when
the satellite observations are incorporated in the analysis. Forecast
impact results from the initial states of these assimilation cycles show
the geographical influence of the F G G E satellite observing system
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on short- to medium-range (two to five days) weather forecasting.
Over North America and Europe, there is a small improvement in
forecast skill from the use of the FGGE II—b data. Over Australia, as
expected, the positive impact of satellite data is much larger. The
number of skillful four- and five-day forecasts over North America
and Europe has been increased substantially by the addition of the
F G G E II—b data. Examples of useful eight-day forecasts, which occurred in periods of atmospheric blocking situations also are
presented.

1. Introduction
The performance of the F G G E satellite observing systems
during the one-year Global Weather Experiment ( G W E )
proved to be a major operational success in continuously
monitoring the global atmosphere. Providing more than
7000 temperature sounding profiles daily from two polar orbiting satellites and 6000 cloud-track winds from five geostationary satellites, the G W E met the objective of twice-a-day
global measurements of the atmosphere with a 500 km reso-
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lution. An important question still to be answered is whether
the global FGGE observing system has been capable of improving the inference of the horizontal and vertical structures of the mass and motion fields in the tropical and extratropical data-sparse regions. Related to this question is
whether more accurate atmospheric states in these regions
can result in improved medium-range weather forecasts and
thereby extend the limits of useful predictability, a major objective of GARP.
Observing-system simulation experiments by Charney et
al. (1969), Jastrow and Halem (1970, 1973), Williamson and
Kasahara (1971), Kasahara (1972), Gordon etal. (1972), and
others have shown that for global temperature soundings of
1°C accuracy, and single-level cloud-track wind accuracies of
3 ms - 1 , wind profiles can be inferred in the data-sparse extratropical and tropical regions meeting the GARP error limits
(Joint Organizing Committee, 1973). However, these simulation experiments may have been overly optimistic for two
reasons: First, they used the identical model for both the
forecast and the verification; second, they assumed the
GARP data accuracy and coverage requirements for the satellite systems. In particular, it was clear from estimates of the
quality of satellite temperature soundings and cloud-track
wind data obtained during the NASA Data Systems Test
(DST), (Desmarais et al., 1978; Halem et al., 1978) that the
accuracies of the FGGE satellite observing systems would be
considerably poorer than were needed to infer wind profiles
of the accuracy specified in the GARP data requirements.
Moreover, as a result of these DST studies, expectations that
the FGGE observing system would significantly improve the
forecast skill and range of useful predictability also were
questionable. For example, a forecast impact test by Ghil et
al. (1979) with a coarse resolution second-order model
showed only a modest beneficial impact of the DST-6 satellite sounding data, while a similar study by Tracton et al.
(1980) revealed a slight negative impact for DST-5 and a
slight positive impact for DST-6, both of which were meteorologically insignificant.
More recently, however, when the same DST-6 temperature-sounding impact test was repeated with a more accurate
forecast model employing higher resolution, Atlas (1979)
and Atlas et al. (1979) showed that the DST data were indeed
capable of making modifications to the analyzed atmospheric states that produce meteorologically significant improvements in the 72 h forecasts over North America. Also,
the first FGGE case studies reported by Bengtsson (1981a)
with the 15-level, 200 km resolution European Centre for
Medium Range Weather Forecasts (ECMWF) model, also
indicated noticeable improvements in short- and extendedrange forecasts with the FGGE data. Similarly, Gustaffson
(1979), employing the Swedish operational forecast/analysis
system (i.e., a 300 km, quasi-geostrophic model), showed
periods during the first Special Observing Period (SOP-1) in
which the satellite information had a significant, positive impact on the objective analysis. This also resulted in improved
numerical forecasts. In addition, both Bengtsson (1981b)
and Gustaffson (1979) also reported that for limited tests
with a satellite-only upper-air observing system experiment,
the forecasts which were produced without any rawinsonde
data are of reasonable quality. This contrasts with the earlier
findings by Bonner et al. (1976) who reported that the analy-
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sis from a satellite-only system had disturbances with much
reduced amplitudes. The forecasts from such a system were
very much inferior to those of a conventional system.
Thus, the recent studies cited above suggest that while the
FGGE satellite observing systems may not be optimal, they
may still provide a substantial improvement over the conventional system without satellite data. The present study examines in detail the sensitivity of the analysis to the FGGE satellite data in the data-sparse tropical and extratropical regions,
and their influence on short- to medium-range (two to five
days) weather forecasting, as well as cases of useful extendedrange (eight days) forecasts. We also indicate other limitations of numerical weather prediction that appear to be nondata-related, which may contribute to the large variability in
daily forecast skill.
At the Goddard Laboratory for Atmospheric Sciences
(GLAS), we performed a series of data assimilation experiments to assess the influence of the FGGE satellite observing
system during SOP-L An improved analysis scheme for synoptic data assimilation and a more accurate forecast model
than were used in the Ghil et al. (1979) DST study were employed here. The experiments mainly test the performance of
the satellite component of the FGGE observing systems
from the data collected during SOP-1. Three different configurations of the FGGE observing system are analyzed: i)
the full FGGE system; ii) a nonsatellite observing system
that utilized only the conventional surface data (land, ships,
some drifting buoys), rawinsondes, pilot balloons, and aircraft; and iii) a surface, aircraft, and satellite-only upper-air
system without rawinsondes and pilot balloons. We briefly
describe the analysis/forecast system in Section 2. In Section
3, we examine the coverage and accuracy of the temperature
sounding data and cloud-track winds. The 6 h forecast error
structure of the three analysis systems is shown in Section 4.
Synoptic comparisons are presented in Section 5. Results of
the forecast impact of the FGGE satellite data sets and their
potential for extended-range prediction are shown in Section 6.

2. Global analysis/forecast system and
experiments
The GLAS analysis/forecast system for producing a global
gridded analysis consists of an objective analysis scheme that
uses the continuity provided by a model first-guess forecast,
integrated from a previous analysis. The first guess then is
corrected successively by data collected in a ± 3 h window
about each analysis time. Both the forecast model and the objective analysis scheme used in the experiments described
below are early versions of an analysis/forecast system still
under development for more extensive studies of the FGGE
observing systems. Because the analysis/forecast system requires more computing resources than are currently available, the numerical model used in the analysis/forecast cycle
employs a coarse horizontal grid resolution of 4° in latitude
by 5° in longitude, and nine sigma levels in the vertical. However, the model is of fourth-order accuracy, making it comparable in truncation error to a model with higher resolution.
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TABLE 1. Weights for satellite and aircraft winds calculated from fit to National Meteorological Center (NMC) analysis relative to NMC
rawinsonde fit at mandatory pressure levels. Full weight is given to High resolution Infrared Radiametric Sounder (HIRS) clear temperature
soundings (Type A) to maximize their effect. Weights for cloudy temperature soundings (Type C) and Verticle Temperature Profile Radiometer
(VTPR) soundings are the ratio of collocated root mean square (rms) temperature differences with rawinsondes taken from Phillips (1979), for
Microwave Sounding Unit (MSU) and from National Environmental Satellite Services (NESS) for VTPR soundings.
Cloud-track and aircraft winds

Pressure
(mb)

NESS
East

NESS
West

Japanese

European

University/
Wisconsin
East, West
Indian
Ocean

1000
850
700
500
400
300
250
200
150
100
70
50

1.00
1.00
0.99
0.98
0.86
0.65
0.70
0.76
0.76
0.76
0.76
0.76

1.00
1.00
0.56
0.69
0.79
0.77
0.73
0.69
0.69
0.69
0.69
0.69

0.70
0.70
0.54
0.46
0.50
0.39
0.38
0.37
0.34
0.34
0.34
0.34

1.00
1.00
0.41
0.37
0.43
0.39
0.41
0.44
0.28
0.28
0.28
0.28

0.60
0.64
0.42
0.40
0.39
0.50
0.62
0.64
0.19
0.19
0.19
0.19

Satellite and aircraft temperatures

TIROS-N Microwave/VTPR
ASDAR

Aircraft

30°N-90°N

30°N-30°S

30°S-90°S

Aircraft

0.63
0.63
0.63
0.63
0.87
0.82
0.90
1.00
0.73
0.73
0.73
0.73

0.63
0.63
0.63
0.63
0.61
0.67
0.64
0.62
0.73
0.73
0.73
0.73

0.53/0.69
0.40/0.45
0.36/0.24
0.19/0.14
0.21/0.26
0.32/0.38
0.51/0.32
0.80/0.33
1.0/0.57
1.0/0.66
1.0/0.61
1.0/1.0

1.0/1.0
1.0/1.0
1.0/1.0
1.0/0.87
0.64/0.82
0.49/0.92
0.59/1.0
0.37/1.0
0.37/0.53
0.37/0.49
0.37/0.39
0.37/1.0

0.74/0.84
0.26/0.95
0.80/0.46
0.36/0.32
0.34/0.32
0.37/0.44
0.59/0.46
0.71/0.33
0.73/0.62
1.0/1.0
1.0/1.0
1.0/1.0

0.18
0.18
0.18
0.18
0.29
0.43
0.48
0.42
0.54
0.89
0.89
0.89

The objective analysis scheme is applied on a similar grid and
suffers somewhat from not being able to resolve the smallerscale features.
A higher horizontal-resolution fourth-order model with
variable vertical resolution, containing a detailed planetary
boundary layer parameterization, is under development for
use in later F G G E forecast impact studies. Similarly, a 3-dimensional multivariate optimum interpolation objective
analysis procedure also is being developed.

a. Objective

analysis

formed with a radius of influence Rt = Cid, where the coefficients d (1.6, 1.4, 1.2) were chosen to minimize the analysis
error (Stephens and Stitt, 1970). However, the radius of influence is not allowed to become smaller than 300 km. During this process, all data are checked for horizontal consistency. The completed analyses are smoothed with an
eighth-order Shapiro (1970) filter both in latitude and longitude, and then interpolated to the model sigma levels. The
wind components and height fields are presently analyzed
independently, with no explicit coupling or balancing.

scheme
b. Forecast

In the G L A S objective analysis scheme (Baker et ai, 1981),
zonal and meridional wind components, geopotential height,
and relative humidity are analyzed on mandatory pressure
surfaces. The 6 h model forecast provides a first guess for
these fields at 300 mb and sea level, where sea level pressure
and temperature also are analyzed. The first guess for the
other levels is obtained from the model first guess that was
modified by a vertical interpolation between the two closest
completed analyses. Vertical consistency is maintained
through static stability constraints. The analysis at each level
is performed with a successive correction method (Cressman,
1959), which was modified to account for differences in the
data density and the statistical estimates of the data quality.
Estimates of the quality of particular data types are relative
to rawinsondes, as measured by both their respective fits to
the N M C analysis. Table 1 indicates the relative weight assigned to the F G G E satellite and aircraft wind and temperature data used in the assimilation cycle for this study. All
other data were assigned full weights (1.0). In this modified
Cressman scheme, the average distance d between data
points is computed for data found in a circle with a radius of
800 km centered at each grid point. Three scans are per-

model

The assimilation/forecast model is the fourth order global
atmospheric model described by Kalnay-Rivas et ai (1977)
and Kalnay-Rivas and Hoitsma (1979). It is based on an energy-conserving scheme in which all horizontal differences
are computed with fourth-order accuracy. A sixteenth order
Shapiro (1970) filter is applied every 2 h on the sea level pressure, potential temperature, and wind fields. In this scheme,
wavelengths longer than four grid lengths are resolved accurately without damping. Wavelengths shorter than four grid
lengths, which would otherwise be grossly misrepresented by
the finite differences, are filtered out while they are still infinitesimal. This treatment of the shortest waves avoids the accumulation of energy that would otherwise occur at the
short-wave cutoff. Shallow water experiments indicate that
this scheme in practice conserves potential enstrophy to a
high degree of accuracy. Long integrations with the G L A S
fourth-order model have demonstrated very g o o d skill in
simulating climatology. Even though there is no explicit balancing of the wind and mass field in the assimilation cycle,
the use of the Euler backward time scheme during the model
integration damps most of the gravity waves, and the vertical
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motion field is well correlated with the synoptic patterns.
This procedure, analogous to dynamic initialization, avoids
the elimination of large-scale divergence fields driven by diabatic heating, which occurs in current applications of nonlinear normal-mode initialization.

c. Description

of

3. FGGE satellite data coverage and
analysis fits
There are approximately 6000 temperature soundings per
day produced operationally from the T I R O S - N H I R S / M S U
sounders, 1000 temperature soundings from the N O A A - 5
VTPR sounder, and roughly 6000 cloud-track winds per day
from the five F G G E geostationary satellites. The influence
of this large volume of satellite data on a global analysis system is one of the main concerns of this study, especially since
satellite data have different statistical error structures from
those of the conventional system. In this section, we first examine the geographical distribution of satellite data that are
available to influence the analysis in each grid area. We then
perform several analysis/forecast cycles over limited time
periods, assigning different weights to the T I R O S - N soundings to study the sensitivity of the analysis in fitting these
data.

sounding data

coverage

Figure la shows a geographical frequency coverage of
T I R O S - N temperature sounding observations for the period
5 January through 21 January 1979. The shading represents
the average number of synoptic periods per day, for which
there is at least one sounding in each 4° latitude by 5° longitude grid area within ± 3 h or an analysis time. The maximum
possible frequency of observations per day for any area is

D a t a assimilated from the F G G E observing systems.

CTW denotes cloud-track winds.
Experiment
Observing system
Rawinsondes
Pilot balloons
NAVAIDS
Dropwindsondes
Aircraft
ASDAR
TIROS-N
VTPR
NESS CTW
European CTW
Japanese CTW
Wisconsin CTW
Const, level balloons
Surface stations
Ships
Drifting buoys

experiments

Three experiments to assess the influence of the F G G E observing systems on the global analysis were performed for the
period 5 January through 5 March 1979. Each experiment
consists of two months of data assimilation using the G L A S
6 h analysis/forecast cycle, and the combinations of F G G E
II—b data described in Table 2. The acronyms for the different experiments are F G G E , NOSAT, and N O R A O B , after
the data sets used. The F G G E experiment differs from the
N O S A T by the addition of the satellite systems and the special observing systems such as constant-level balloons,
dropwindsondes, and certain aircraft reports collected by satellites ( A S D A R ) . Some drifting buoys ( ~ 2 5 % ) were accidentally inserted in the N O S A T cycle, as they were included
in the operational Level I l - a surface file. Similarly, the
N O R A O B experiment contains no rawinsonde data except
for the NAVAIDS. The N O R A O B system also utilized
dropwindsondes over the tropical oceans. The initial state
used to start all the assimilation experiments was the 5 January 1979 final analysis, provided by the National Meteorological Center.

a. TIROS-N

TABLE 2.

1982

FGGE

NOSAT

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X2

X
X

X

X
X
X1

NORAOB

X
X
X
X
X
X
X
X
X
X
X
X
X
X2

1
2

Level Il-a buoy data utilized.
Level II—b buoy data utilized.

four. The T I R O S - N polar orbiting satellites theoretically
can produce soundings at any point on the globe twice daily
at low latitudes, and more frequently at high latitudes. In
practice, however, the sounding processing algorithms produce much less coverage because of coarse processing resolutions, cloud contamination, and other operational constraints. The frequency distribution shown in Fig. la indicates
that there are sounding observations from T I R O S - N in each
grid area of the tropics on the average of more than one per
day, while the extratropics generally are observed more than
once but less than twice per day. Some regions show little or
no coverage. This is related to the fact that operational
T I R O S - N soundings are not produced over mountainous
regions with high elevations, such as the Rockies and Himalayas, and over large deserts such as the Sahara during
daytime.
Figure l b shows the frequency coverage for the two-satellite system ( N O A A - 5 and T I R O S - N ) used during F G G E
S O P - 1 . In this case, the shading again represents the average
number of synoptic periods per day for which there are
temperature soundings in a grid area from either satellite
during a ± 3 h window. Accordingly, the maximum number
of soundings per day is still four, even for multiple satellite
systems. Figure l b shows that over most of the oceans, the
frequency has been increased to one and a half to two observations per day, but still considerably less than four. In the
eastern Pacific and western Atlantic, the number of observations is only slightly increased to one to one and a half observations per day. Thus, while the synoptic coverage of the
temperature sounding data from two satellites does not
match the frequency at which analyses are produced at operational forecast centers such as the National Meteorological
Center and the European Centre for Medium Range Weather
Forecasts, i.e., four times daily, the F G G E satellite temperature sounding system over most of the oceans has only fallen
slightly short of the twice-daily coverage proposed as a
G A R P objective. Yet, in spite of the global coverage afforded
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FIG. 1. Geographical frequency distribution of satellite temperature soundings per day for the period
5-21 January 1979. Shading represents the average number of 6 h synoptic periods per day for which there is
at least one observation in each 4° by 5° grid area within ± 3 h of an analysis time. Maximum frequency per
grid area per day is four, a) TIROS-N soundings, b) Combined TIROS-N and NOAA-5 VTPR soundings.
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by the satellite systems, many critical regions in the extratropics still remain data-sparse. For example, the region off
the West Coast of the United States extending well out into
the Pacific is observed only one to one and a half times per
day. The coverage in the Southern Hemisphere is generally
more than twice per day in the extratropics.

b. Analysis of TIROS-N sounding data
Assessing the accuracy of satellite temperature sounding systems over data-sparse regions is a difficult problem because
of the lack of "ground truth" and an accurate standard for
regional comparisons. Nevertheless, it is particularly important to establish the error level of the satellite soundings relative to other data, including the 6 h model first guess. Two
methods have been used to estimate the TIROS-N temperature sounding errors, and both provide similar accuracy estimates. Illustrative of the two approaches are i) rms differences of layer mean temperatures obtained from collocating
rawinsonde observations and satellite temperature profiles
(e.g., Phillips et al., 1979); and ii) rms differences of layer
mean satellite temperature soundings and collocated
temperature profiles from an independent analysis (e.g.,
Schlatter, 1981). Both methods introduce interpolation errors in space and time. Phillips' statistics show the rms differences at mandatory pressure levels for the TIROS-N (clear
column Type A) soundings at selected ocean stations to be
~ 2 . 2 ° C in the extratropical troposphere and ~ 1 . 3 ° C in the
tropics during SOP-1. The errors above 300 mb are larger and
almost 3.0°C at 200 mb. Schlatter's statistics, compared with
the NMC analysis, indicate the layer mean temperature error
is generally less than 2°C, except in the 1000-850 mb and
70-50 mb layers, where it is larger. Schlatter's results are similar to those of Phillips', except that he also shows that the surface to 50 mb rms difference in thickness temperature to be
~0.8°C over the United States. He ascribes this high level of
accuracy to the fact that small biases of opposite sign in the
lower and upper troposphere cancel when integrated over
large thicknesses.
In this section, we employ the second approach, in order to
infer the accuracy of the TIROS-N sounding data from their
fit to an analysis over regions with dense rawinsonde data.
An analysis does not provide an absolute "ground truth"
verification of data accuracy. However, by performing analyses with different combinations of data weights in regions
where there is dense coverage of several data types, it may be
possible to infer the relative accuracy.
Figure 2 shows the rms and mean structure of geopotential
height differences for i) rawinsonde soundings, ii) TIROS-N
infrared (Type A) soundings, and iii) TIROS-N "microwave
only" (Type C) soundings collocated over land, with three
distinct analysis cycles. The panels from top to bottom are
obtained from the NOSAT, FGGE, and NORAOB analysis
cycles, respectively. The statistics are based on eight consecutive analyses beginning on 0000 GMT 15 January 1979, using
the data of Table 2 with full weight. Although the length of
the cycle is limited, the statistics involve 2800 rawinsonde
temperature soundings, 3000 TIROS-N Type A temperature
soundings, and 800 TIROS-N Type C temperature
soundings.
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As could be expected, the NOSAT analysis fits the rawinsonde data better than the satellite data, and the reverse is
true in the NORAOB analysis. In all three analyses, the
TIROS-A soundings have smaller rms fits than the
TIROS-C soundings, indicating that microwave soundings
are less accurate than infrared soundings. We expect the
NORAOB rms fit to rawinsondes over land to be similar to
the rms fit of the NOSAT analysis to the combined infrared
and microwave retrievals over land. In fact, we observe that
the NORAOB rms fit to rawinsondes falls in between the
NOSAT rms fit to TIROS-N Type A and Type C soundings
over land. This indicates that the microwave soundings have
had a significant effect and may degrade the analysis over
land.
It also is interesting to compare the mean and rms differences in the NOSAT and NORAOB analyses. Not surprisingly, the mean fit of rawinsondes is negligible in the NOSAT
analysis, and those of satellite soundings in the NORAOB
analysis. Nevertheless, the rms difference between rawinsonde heights and the NOSAT analysis increases with height
faster than those of the satellite soundings in the NORAOB
analysis. These larger rms differences in the rawinsondes
may be due to instrumental noise, tracking errors, or sampling problems, due to mesoscale variations that cannot be
resolved by a large-scale analysis. Such small-scale noise is
smaller in the satellite soundings, as indicated by the small
rms difference in the NORAOB analysis.
The mean differences between satellite heights and the
NOSAT analysis are quite small for the infrared soundings
below 300 mb. There is a large warm bias at the tropopause
level, and a cold bias in the stratosphere. In agreement with
Schlatter's findings, there is a change in the sign of the mean
error in the infrared soundings at about 50 to 70 mb. In our
NOSAT analysis, however, there also is a sign change at
about 400 mb in the Type A soundings, indicating a good estimation of the mean temperature of the lower atmosphere
by the infrared soundings. Microwave soundings, on the
other hand, have a strong cold bias below 300 mb. The tropospheric mean differences for rawinsondes and for infrared
and microwave soundings are quite different in the three analyses. In particular, microwave soundings appear to be much
colder than rawinsonde soundings when compared with the
NOSAT analysis. Since there is essentially no bias in the infrared soundings in the NOSAT analysis, the rawinsonde
bias observed in the NORAOB analysis probably was introduced by the microwave soundings.
There are several reasons why the rms differences for the
"microwave only" soundings may be less accurate than the
infrared satellite soundings. One obvious reason is that the
microwave sounder has fewer and broader spectral channels
than the infrared sounder in the troposphere. A second reason is that surface emissivity effects over land may introduce
serious errors that are not being adequately accounted for by
the inversion algorithms. Another factor may be related to
the fact that Type C soundings occur only in those regions
considered to be very cloudy, where retrievals are more difficult because of liquid water contamination that is not completely eliminated in the processing algorithms.
McPherson et ai (1979) also found that the Vertical
Temperature Profile Radiometer (VTPR) temperature soundings fit the analysis better than the rawinsondes, especially at
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FIG. 2. Mean rms height differences between observations and analysis interpolated to the observation
points computed from 0000 G M T 15 January to 1800 G M T 16 January analyses. The NOSAT, F G G E , and
NORAOB analyses are performed with the data indicated in Table 2, with all data having full weight.
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FIG. 3. Frequency distribution of cloud-track winds per day for the period 5-21 January 1979. Frequency
distribution defined as in Fig. 1. a) Low-level (below 700 mb) winds, b) High-level (above 400 mb) winds.
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upper levels. However, their study did not attempt to infer
the accuracy of the VTPR temperature soundings, since
those soundings were only available over the data-sparse
oceans, complicating any attempt to estimate the accuracy.
c. Cloud-motion

wind data

415
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coverage

The geographical frequency distribution of cloud-motion
wind vectors obtained from G O E S East, G O E S West,
METEOSAT, SMS over the Indian Ocean, and the Japanese
satellite is shown in Figs. 3a and 3b for low-level (below
700 mb) and high-level (above 400 mb) winds, respectively.
As in Fig. 1, the shading represents the average number of
synoptic periods for which a wind vector is provided in a grid
area within 3 h of an analysis time from any geostationary
satellite system. As with the temperature soundings, the maximum cloud-track wind frequency per grid area per day is
four.
We see from Figs. 3a and 3b that during S O P - 1 , the cloudwind data coverage does not extend poleward of 50° and that
the G O E S East and West operational processing system produces no wind data over North America. South America and
Africa have continental coverage from the M E T E O S A T system. Low-level winds have nearly twice the coverage frequency per grid area as the high-level winds, particularly
over the Atlantic and tropical Pacific. N E S S and Wisconsin
together produce twice the M E T E O S A T and Japanese lowlevel wind frequencies. On the other hand, the M E T E O S A T
and Japanese systems produce twice as many high-level

winds as N E S S and Wisconsin. This may be phenomenologically related to the region sampled in S O P - 1 , or the result of
differences in the processing systems.
Figures 3a and 3b also show very little overlap between
high-level and low-level wind coverage frequencies, indicating for each region essentially single-level coverage for the
16-day period sampled. For example, over the Caribbean,
where low-level winds are available twice a day, there are no
upper-level winds, while southeast of Brazil, where high-level
winds are provided, we observe no low-level winds. The
combined coverage of high- and low-level winds is almost
twice a day per grid area. The regional and systematic distribution of the cloud-track winds and their gaps in coverage
suggests that considerable attention should be paid to horizontal and vertical consistency in the assimilation of these
data.

d. Analysis

of cloud-track

wind data

Figures 4 a - c show vertical profiles of the rms wind vector
difference between the F G G E analysis and the data from
various wind observing systems for the period 9 January to
16 January. It is not possible to infer the accuracy of the
cloud-track winds in data-rich regions, as was done with the
sounding data, because of the lack of cloud-track winds over
land where a dense independent source of data could be used
for verification. Nevertheless, we present a comparison of the
relative fit of the different observing systems to the analysis,

FIG . 4. Vertical profile of rms differences between the F G G E wind analysis and data from different wind
observing systems in meters per second. CTW is an acronym for cloud-track winds, a) NESS West cloudtrack winds compared with three other wind observing systems, b) Three different cloud-track wind systems
compared, c) Rms differences for tropical wind observing systems.
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since useful information on the characteristics of these data
can be obtained.
In the panel on the left (Fig. 4a), the rms statistics for rawinsondes are compared with those for aircraft, ASDAR, and
NESS cloud-motion winds from GOES West. As may be
seen in Fig. 4a, the analysis fits the NESS cloud-track winds
quite well, particularly in the low- to mid-troposphere with
an rms fit of 2 to 3 m s - 1 . The rms fit for the rawinsondes is
poorer, roughly 3 to 4 m s_1 in the same region. It should be
noted, however, that the rawinsonde statistics are largely
from a mid-latitude sample (see Fig. 6a), whereas those for
the cloud-track winds are primarily tropical and subtropical
(Figs. 3a and 3b). The rms fit of the ASDAR winds is nearly
identical to that of the rawinsondes ( ~ 4 m s -1 in the 200 to
300 mb layer) and significantly better than that of the conventional aircraft data collection system ( ~ 6 m s_1 in the 200
to 300 mb layer).
In the middle panel (Fig. 4b), cloud-motion wind data
from three data producers are compared: NESS West, Japanese, and European. The rms differences for the NESS winds
are substantially smaller than either the European or Japanese winds, particularly in the upper troposphere. The larger
rms statistics exhibited by the European and Japanese winds
are probably inherent in their wind-level assignment procedures (Bengtsson, 1981b). We believe, concurring with the
findings of ECM WF (A. Hollingsworth, personal communication), that much of the rms differences in the upper-level
Japanese winds is due to a large mean error in the zonal wind
component (—7 m s"1 at 250 mb), which may be related to the
upper-level height assignments.
The rms fit of various tropical wind observing systems is
shown in the panel on the right (Fig. 4c). The NAVAIDS (rawinsondes released from ships) generally have the best fit at all
levels (1.5 to 2 m s - 1 ). The rms fit of the Wisconsin GOES
West cloud-track winds is slightly poorer than that of the
NAVAIDS.

4. Sensitivity of the analysis to the FGGE
observing systems
In this section, we examine the effect of the augmented
FGGE observing system on the analysis, and its impact on
6 h forecast errors.

a. Rms differences between the 6 h forecast and NOSAT
analysis
A measure of the influence of the observational data on an
analysis cycle can be obtained by calculating the rms difference between the 6 h forecast first guess and the completed
analysis. In Figs. 5-7, we present the rms difference fields between the 300 mb 6 h forecast (the first-guess field) of geopotential height and the final analysis for the NOSAT, FGGE,
and NORAOB experiments, respectively, for the period 5
January through 21 January 1979. The shaded areas in these
figures indicate regions where the average difference during
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the 16-day period is small (less than 20 m); diagonal hatching indicates large corrections with an average greater than
60 m; blank areas correspond to intermediate values between
20 and 60 m.
Figure 5a shows that the rms difference between the 6 h
NOSAT forecast and the NOSAT analysis over the vast
oceanic regions in both hemispheres is less than 20 m, while
the difference over regions with dense rawinsonde observations can be greater than 60 m. The observed structure in the
6 h forecast difference can be explained by the fact that the
6 h forecast itself defines the atmosphere in data-sparse regions, which leads to lower "errors." These small corrections
are just an indication of the serious data gaps of the conventional network. We note that large 6 h errors are present in
local regions in the Southern Hemisphere and in the tropics.
By comparing Fig. 5a with Fig. 6a, which shows the distribution of rawinsondes, it may be seen that corrections as large
as 120 m occur in data-sparse regions at isolated ocean and
island stations.
The rms difference in Fig. 5a is smaller over Europe than
over North America, probably due to more frequent rawinsonde observations. It is interesting to note that the maximum 6 h forecast error of 60 to 80 m occurs along the full
length of the western boundary of the North American continent, as well as over other continental regions downstream
of data-sparse areas. Along the northwest coast of Europe,
this sharp error gradient does not appear because of the presence of ship rawinsondes in the Atlantic.

b. Rms differences between the 6 h forecast and the FGGE
analysis
Figure 5b depicts the FGGE 6 h forecast rms error in the 300
mb height field. Comparison with Fig. 5a reveals that the
large errors have been reduced significantly, especially along
coastal boundaries and at the isolated oceanic stations. For
example, the large errors along the West Coast of North
America have been reduced to about 40 m. On the other
hand, we now observe a larger increase, ranging from 40 to
60 m, in the difference in rawinsonde data-sparse regions
such as over the northern Pacific. This indicates that satellites and other FGGE observing systems have eliminated
most of the data gaps in the NOSAT system and are introducing substantial changes in the 6 h forecast fields used in the
FGGE analysis. Moreover, the closer agreement of the rawinsonde heights to the 6 h forecast in the FGGE experiment
suggests that the satellite data over the oceans have produced
a more accurate initial state. The large rms 6 h differences
over the Himalayas in Fig. 5a, which remain in Fig. 5b, are
due to the vertical interpolation from the model first-guess in
a coordinates to the analysis in pressure coordinates.
The rms difference between the FGGE and NOSAT analyses is shown in Fig. 6b. In the data-sparse regions, the difference ranges from 80 m over the Pacific to more than 200 m
in the Southern Hemisphere. The differences in the tropics
and oceanic regions of the Southern Hemisphere are as large
as those between randomly chosen synoptic situations. Only
over the North American and Eurasian continents is the difference between the analyses smaller than 20 m.
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FIG . 5. The rms difference between the 6 h forecast of the 300 mb geopotential height field and the analysis for the period 5-21 January 1979. Contour interval is 20 m. a) Rms difference between the NOSAT analysis and forecast, b) Rms difference between the F G G E analysis and forecast.

The sharp contrast in the difference fields between the land
and sea in Fig. 6b raises a very important question. Is it possible that the inability of present models to accurately forecast the planetary-scale waves may be due partly to the landsea contrast in data coverage? Errors introduced by the
land-sea contrast in data coverage may give rise to spurious
stationary wave components in the initial conditions, which
adversely affect the mean model forecast errors.

c. Rms differences between the 6 h forecast
analysis

and the NORA OB

To determine if the assimilation of satellite data alone and
surface observations can produce analyses that are consistent with the real atmosphere, we performed an additional
experiment without rawinsonde and pilot balloon data
( N O R A O B ) . Figures 7a and 7b illustrate the 300 mb rms
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FIG. 6. a) Reporting rawinsonde stations at 0000 GMT 9 January 1979. b) As in Fig. 5, except the rms
difference between the FGGE and NOSAT analyses.

height difference between the 6 h N O R A O B forecast and
N O R A O B analysis, and the difference between the F G G E
and N O R A O B analyses, respectively. The low rms difference
in Fig. 7b over the oceans is due to the predominance of the
same satellite data in both experiments. This is analogous to
the small difference we noted in Fig. 6b over land, where both
analyses are dominated by rawinsondes. The rms difference

is smaller over the western half of the United States and Canada than over the eastern half. This is because satellite
temperature sounding data are not available operationally
over the Rocky Mountains, as indicated in the data coverage
maps of Fig. 1. Thus, we observe a larger difference downstream of the Rockies, though the difference is still not larger
than 60 m because of the influence of the satellite temperaUnauthenticated | Downloaded 01/10/23 01:27 AM UTC

Bulletin American

Meteorological

419

Society

FIG. 7. a) As in Fig. 5, except the rms difference between the 6 h NORAOB forecast and the NORAOB
analysis, b) As in Fig. 5, except the rms difference between the FGGE and NORAOB analyses.

ture soundings. Around isolated island stations, there is
g o o d agreement, even though the N O R A O B analysis has no
rawinsonde data.

5. Synoptic-scale comparisons
In this section, we first examine vertical profiles of low lati-

tude winds derived from the N O R A O B analysis to see if the
profiles exhibit the complex structure found in the observed
rawinsonde profiles. We then compare the N O R A O B inferred height and wind fields with the F G G E analysis over
the United States. The purpose of the latter comparison is to
infer the quality of the analysis over the oceans, where little
or no independent data are available for verification by extrapolation of results from data-dense regions. The difficulty
in drawing this inference is that the contribution of satellite
Unauthenticated | Downloaded 01/10/23 01:27 AM UTC
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FIG. 8. Vertical wind profile inferred from the NORAOB analysis and the corresponding observed rawinsonde wind profile. Wind
direction is shown on the left and wind speed in meters per second on
the right. CTW is an acronym for cloud-track winds. E denotes east,
S south, etc. for the wind direction, a) Bermuda comparison, b) Hawaii comparison.

winds to the analysis over land is not typical of ocean data
coverage, since cloud-track winds were limited mainly to the
coastal regions and Gulf areas. The potential of the
N O R A O B system is, therefore, probably underestimated.
Figures 8a and 8b present comparisons of some rawinsonde wind profiles with the vertical wind structure inferred
from the N O R A O B analysis for two typical isolated ocean
stations, Bermuda and Hawaii. The panels on the left of the
figures depict the wind direction as a function of pressure; the
panels on the right illustrate the wind speed. Also shown are
the aircraft and cloud-track wind data available within 400
km of the station within ± 3 h of each analysis time. In both
cases, the N O R A O B analysis accurately defines the wind
profile at low and upper levels, but underestimates the wind
speed at 500 mb by about 25%. This is generally the case with
many other profiles we have examined. We also see in Fig. 8b
that the N O R A O B analysis can infer a strong wind shear
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FIG. 9. The 300 mb geopotential height and temperature analyses for 0000 GMT 21 January 1979. Height is in meters and
temperature in degrees Celsius, a) F G G E analyses, b) NORAOB
analyses.

from easterly to westerly when plentiful satellite or aircraft
data are available, or exhibit multiple changes in direction
with height in a light wind situation, as seen in Fig. 8a.
Figures 9a and 9b depict the 300 mb analysis of the geopotential height field for the F G G E and N O R A O B experiments
at 0000 G M T 21 January 1979. The position of the trough in
the N O R A O B experiment is in excellent agreement with the
F G G E analysis, although its intensity is weaker. Part of the
weakness in the trough is due to the lack of satellite data over
the Rockies (see Figs, la and lb). The difference between the
F G G E and N O R A O B analyses is small over the central
United States, with the N O R A O B analysis underestimating
the ridge in the northeast by about 3°C in the 1000 to 300 mb
layer. In addition, over the Northern Hemisphere oceans and
the Southern Hemisphere, the F G G E and N O R A O B height
analyses (not shown) are, as expected, quite similar. Figures
10a and 10b show the corresponding 300 mb wind vector and
isotach maps. The positions of the isotach minima and maxima and the flow direction are nearly identical. The intensity
of the flow in the N O R A O B analysis is, however, systematically weaker by about 10% over most of the United States,
except in the intense jet streak located over the Gulf of MexUnauthenticated | Downloaded 01/10/23 01:27 AM UTC
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ico, where it is nearly 40% weaker. This difference is due to a
stronger easterly ageostrophic wind component in the
N O R A O B analysis. 1 The absolute vorticity, vorticity advection, and thermal advection fields (not shown) also have a
similar structure and position, but weaker intensity in the
N O R A O B analysis. It is not clear if the weaker intensity of
the satellite analysis over the western part of the United
States could be improved with the use of cloud-track wind
data or with the generation of temperature-sounding data
over high terrain. Nevertheless, the ability of the space-based
system to capture much of the day-to-day changes in the
temperature and wind fields, as indicated by both these results and Fig. 7b, is highly encouraging. The N O R A O B system represents a substantial improvement in the capability of
a satellite-only analysis system over what was previously
possible only six years ago, as reported by Bonner et al.
(1976).

6. Forecast impact results
The results of forecast impact studies represent one of the
most sensitive tests for evaluating observing systems. We
present some preliminary results from a series of short-range
forecasts with our current coarse resolution fourth-order
model and data assimilation scheme, as well as a few selected
extended-range forecasts made with a higher resolution (2.5°
latitude by 3° longitude) fourth-order model.

a. Short-range

forecasts

A series of five-day forecasts were made from initial conditions taken every fourth day from 9 January through 2
March 1979 from each of the three analysis cycles. The interval of four days between consecutive forecasts increases the
independence of the sample and the statistical significance of
the results for the geographical regions examined.
Figures 1 la and 1 lb show the Si skill-score impact results
of three-day forecasts evaluated relative to the N M C analysis
over North America, Europe, and Australia for the sea level
pressure and 500 mb geopotential height fields. The improvement over Australia with the F G G E data is more consistent and significant in the sea level pressure and 500 mb
geopotential height than over the Northern Hemisphere. A
smaller positive impact occurs over Europe. The sea level
pressure impact over North America is negligible, while at
500 mb, the impact is less consistent than over Europe, but
still positive.
The dotted curve in Fig. 11 represents the Si skill score for
the forecasts from the N O R A O B experiment. Over Australia, the accuracy of the three-day N O R A O B forecast is
better than that of the NOSAT system at both sea level and
500 mb. Over Europe and North America, the N O R A O B
forecasts are, in general, poorer by about 24 h. There are,
surprisingly, a few cases where the N O R A O B forecasts over
North America and Europe are better than even the F G G E
forecasts. A detailed examination shows the improvement to

'One of the reviewers brought this to our attention.

FIG. 10. The 300 m b wind vector and isotach analyses for 0000

GMT 21 January 1979. The isotachs are in knots, a) FGGE analyses,
b) NORAOB analyses.

occur in 48 to 72 h when information from the data-sparse
areas reach the verification regions. Since the F G G E system
contains the data used in both the NOSAT and N O R A O B
experiments, we can deduce that over the Northern Hemisphere the impact of the rawinsonde data on forecast skill is
larger than the impact of the F G G E satellite data. In the
Southern Hemisphere, the impact is reversed.
Figures 1 la and 1 l b also show that the day-to-day variations in forecast skill are larger than the variance resulting
from the impact of F G G E satellite data in the winter Northern Hemisphere. This suggests that a substantial component
of the forecast error occurs in certain dynamical situations
that the G L A S model and other numerical models fail to
simulate accurately. In the summer Southern Hemisphere
over Australia, on the other hand, the data impact is larger
and comparable with the variations in forecast skill.
The forecast error variability occurs at the planetary scale
as may be seen in Fig. 1 lb, where day-to-day changes in the
magnitude of the 500 mb skill scores over North America are
well correlated with similar changes over Europe. Baumhefner and Bettge (1981) examined the planetary-wave foreUnauthenticated | Downloaded 01/10/23 01:27 AM UTC
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FIG. 11. Si skill scores for 72 h forecasts from the FGGE, NOSAT, and NORAOB systems over North
America, Europe, and Australia from 0000 GMT of the indicated initial days during SOP-1. All forecasts
verified against the NMC analysis, a) Sea level pressure forecasts, b) 500 mb forecasts.

cast error obtained from the N M C forecasts during S O P - 1 ,
and found the rms error in the prediction of wavenumbers
one and two accounts for 50% of the 500 mb height error.
They conclude that the best forecast skill is associated with
quasi-stationary planetary-wave behavior, and the poorest
skill occurs during periods of planetary-wave transition. The
three-day forecast from 22 February exhibits little skill from
the N M C initial conditions—as well as from the G L A S initial state—and is coincident with a transition period, which
agrees with Baumhefner and Bettge's hypothesis. On the
other hand, the three-day G L A S forecast from 21 January
shows even less skill during a quasi-stationary planetarywave period. Our subjective analysis of this case indicates
that the lack of skill is caused by the coarse resolution, which
results in the failure of the model to predict both a cold lowlevel jet in the lee of the Rockies and the ensuing cyclogenesis
as early as 12 to 24 h into the forecast. Maximum skill is
shown in the forecasts from 29 January and 10 February during two blocking situations, which supports the hypothesis of
increased skill in quasi-stationary periods.
Figures 12a and 12b compare the four- and five-day forecast skill for the F G G E and N O S A T experiments. The region
where neither forecast has useful skill (defined as S\ > 80 for
sea level pressure and > 60 for 500 mb geopotential height)
has been shaded. 2 It is clear that after five days, many of the

2

Shuman (1978) has used Si < 70 to define useful skill both at the
sea level and upper levels. However, the presence of smaller-scale errors near the surface increases the average Si score of a skillful sea
level pressure forecast. Conversely, in the upper levels, where both

forecasts have lost useful skill. However, for those that still
retain skill, the vast majority show a positive impact from the
F G G E data. A similar comparison is presented in Figs. 13a
and 13b for all five-day forecasts. The forecasts from the
F G G E and N O S A T systems are verified separately over
North America and Europe. The forecasts are considered to
be different if the Si scores differ by more than two points;
only those cases for which at least one of the two forecasts
retains useful skill are counted. Forecasts having the same
skill indicate no influence of the satellite data. The results
show that the dependence of the forecast skill on satellite
data increases with the length of the forecast during the first
four or five days. After one day, most of the F G G E and
N O S A T forecasts have the same skill, whereas beyond three
days, there is a large number of forecasts for which skill has
been increased by the use of satellite data.

b. Extended-range

prediction

Only five of the 14 forecasts still show significant skill at the
end of five days over North America. Of these, the most skillful are from initial conditions provided by the F G G E analysis on 29 January and 10 February 1979. For this reason, and

the fields and their errors have larger scales, the average Si score of a
skillful forecast is smaller. Over Australia, in a subtropical summer
regime during SOP-1, the average skillful forecast score also is larger
than in the extratropics. These variations reflect the fact that the Si
score is a measure of relative gradient error.
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FIG. 12. Sea level pressure (SLP) and 500 mb geopotential height S\ skill scores for forecasts obtained
with the F G G E and NOSAT systems over North America and Europe. The region where neither forecasts
has useful skill has been shaded (Si > 80 at sea level and > 60 at 500 mb). a) Four-day forecasts, b) Five-day
forecasts.

in view of the significant errors that the coarse 4° by 5° resolution can introduce after five days, we decided to perform a
10-day integration with the 2.5° latitude by 3° longitude
G L A S fourth-order model. Both of these forecasts show remarkable skill over North America during the first eight days
of the forecast, as indicated in Table 3.
Figures 14a and 14b illustrate the eight-day sea level pressure forecast from 0000 G M T 29 January for the western half
of the Northern Hemisphere and the verifying F G G E sea
level pressure analysis for 0000 G M T 6 February, respectively. The position and intensity of most of the weather features have been accurately forecast. Similar results (not
shown) were obtained for the 10 February forecast.
Figure 15a shows the estimated observed and predicted
position of a blocking anticyclone at 500 mb in the Pacific for
the 29 January case. The forecast accurately maintains the
blocking ridge and its location during the first eight days.
After this period, the forecast predicted the eastward movement of the anticyclone with a delay of one or two days. Figure 15b compares the predicted and observed paths of three
successive cyclones over North America during the same
period. The forecast is reasonably accurate during the first
eight days, but it fails to predict the rapid eastward movement after that time.
The 10 February case was also a blocking situation that
was characterized by a series of transient short waves superimposed on a large-scale ridge located over North America.
As indicated in Table 3, the forecast still had useful skill after

eight days.

7. Summary and conclusions
Three experiments have been carried out with the G L A S
fourth-order coarse resolution analysis/forecast system. In
these experiments, we have performed the following analysis
cycles during F G G E SOP-1: i) a F G G E analysis cycle, which
used the full F G G E database, ii) a N O S A T analysis cycle that
used surface data (land, ships, some drifting buoys), rawinsondes, pilot balloons and aircraft, and iii) a N O R A O B analysis cycle, which included all of the F G G E data except rawinsondes and pilot balloons. Although the analysis/forecast
system is not yet optimal, these experiments permit a preliminary assessment of the coverage and accuracy of the satellite data as well as their impact on the analyses and forecasts. It has become clear from these and other studies that
remote sensing has improved our ability to observe the atmosphere on a global basis and that the F G G E observing
system has had a positive effect on forecast skill. The main
conclusions of this study are:
1) The frequency of sounding data coverage from two satellites over the oceans during S O P - 1 is slightly less than
twice per day in the tropics and Northern Hemisphere
extratropics, and more than twice per day in the SouthUnauthenticated | Downloaded 01/10/23 01:27 AM UTC
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FIG. 13. Comparison of the number of skillful forecasts obtained from the FGGE and NOSAT analyses
over North America and Europe. Forecasts with Si skill scores differing by less than two points are considered to have the same skill. Only those cases in which at least one of the two forecasts is skillful (Si < 60 for
500 mb and < 80 for sea level pressure) are included, a) Sea level pressure forecasts, b) 500 mb forecasts.

2)

3)

4)

5)

ern Hemisphere. The system produces less than one
sounding per day over large areas adjacent to the West
Coast of North America, the Caribbean, and desert regions, and no temperature soundings over terrain
higher than 700 mb.
Geopotential height rms differences between the clear
column T I R O S - N infrared retrievals and the F G G E
analysis over data-dense regions are smaller than those
for the "microwave only" temperature soundings. This
is also the case for the N O S A T system and the
N O R A O B system, which strongly indicates that infrared temperature soundings are more accurate than
microwave soundings over land, and hence, probably
over oceans.
The cloud-track wind system is essentially a single-level
wind system with a systematic geographical bias. It
yields twice as many low-level winds as high-level
winds with twice-a-day global coverage.
The low-level cloud-track winds from all data systems
appear to fit the F G G E analysis with comparable rms
differences. The fit of the upper-level cloud winds to the
analyses depends on the data weights used in the
analysis.
The 300 mb 6 h forecast error in the N O S A T system is
large (60 to 80 m) downstream of data-sparse regions
such as the West Coast of North America. The 300 mb
6 h forecast error in the F G G E system downstream of
data-sparse regions is reduced by more than 50% from

that of the N O S A T system. In the Southern Hemisphere oceans, the differences between the F G G E and
N O S A T analyses are comparable to differences between random states. Significant corrections to the 300
mb first guess geopotential height field from the satellite data occur over oceanic regions with the F G G E
system.
6) The large-scale synoptic structure of the global geopotential height field produced by the N O R A O B and
F G G E systems is quite similar. Wind profiles inferred
from the N O R A O B analysis in the tropics and extratropics agree in speed and direction at low and upper
levels with the detailed structure of the rawinsonde profiles, but tend to underestimate the wind speed in the
mid-troposphere. The N O R A O B analysis accurately
captures the thermal structure of the atmosphere, but
the intensity of the wind and vorticity fields is substantially underestimated in regions with strong ageostrophic motion.
7) The forecast impact from the F G G E system, compared
to the N O S A T system, is significant and positive over
Australia. The impact over North America and Europe
also is positive but weaker. Nearly all of the forecasts
that retain useful skill by day five show a positive impact from the F G G E system.
8) The forecasts from the N O R A O B system are better
than those from the N O S A T system in the Southern
Hemisphere. The N O R A O B system is capable of occaUnauthenticated | Downloaded 01/10/23 01:27 AM UTC
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FIG. 14. a) Eight-day sea level pressure forecast for 0000 GMT 6
February 1979 with the 2.5° X 3° GLAS fourth order model from
initial conditions provided by the FGGE assimilation at 0000 GMT
29 January 1979. Sea level pressure minus 1000 is in millibars, b) The
FGGE sea level pressure analysis at 0000 GMT 6 February 1979.

sionally producing more accurate three-day forecasts
than either the F G G E or N O S A T system over North
America and Europe, but generally the forecasts are
poorer by about 24 h.
9) In certain synoptic situations, the F G G E observing
system is capable of measuring the atmosphere globally
with sufficient accuracy for current N W P models to

TABLE 3.

FIG. 15. a) Comparison between observed (solid line) and predicted (dashed line 500 mb) positions of a Pacific anticyclone during
the 0000 GMT 29 January 1979 forecast. The numbers indicate the
number of elapsed days in the forecast, b) As in a) except for three
cyclones over North America.

make useful extended-range forecasts beyond
week.

one

Sea level pressure (SLP) and 500 mb geopotential height Si skill scores over North America for forecasts from initial conditions
provided by the FGGE assimilation cycle at 0000 GMT 29 January 1979 and 0000 GMT 10 February 1979.
Day

Initial conditions

1

2

3

4

5

6

7

8

9

10

29 January

SLP
500 mb

47.7
29.7

52.5
33.2

52.5
37.0

54.5
32.2

65.3
34.9

77.1
36.2

66.6
35.7

67.2
40.7

88.5
62.6

101.2
62.7

10 February

SLP
500 mb

56.0
22.0

59.6
27.2

64.6
27.2

60.0
25.8

73.5
35.5

78.9
46.7

70.7
44.7

73.5
52.1

81.4
62.3

91.9
68.0
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Finally, we wish to comment on our experience with the
F G G E data. The international F G G E effort has resulted in
the most extensive global atmospheric data set ever collected
for use by the scientific community. We found that while the
World Data Centers have done an excellent j o b in collecting,
archiving, and formatting the Level II—b data, there is still a
considerable programming effort involved in using the data.
At G L A S , we have developed a comprehensive set of processing routines to readily access and edit the different data
sets. N A S A is expected to announce opportunities for
F G G E research for which the G L A S software will be
available.
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