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ABSTRACT

Since 9 June 1993, the eta coordinate regional model has been run twice daily at the National Centers for Environmental Prediction (NCEP, previously the National Meteorological Center) as the NCEP's "early" operational model.
Its performance is regularly monitored in a variety of ways, with particular attention given to precipitation forecasts.
Throughout this period, the eta model has demonstrated significantly increased accuracy in forecasting daily precipitation amounts compared to NCEP's Nested Grid Model (NGM). The model has shown a smaller but equally consistent
advantage in skill against that of NCEP's global spectral model.
Precipitation scores of these three operational models for the 6-month period March-August 1995 are presented.
This interval is chosen because the 6-month-long periods September-February and March-August have been used in
previous model comparisons and because an upgraded version of the eta model, run at 48-km resolution, was also regularly executed twice daily during the March-August 1995 period. It is thus included and highlighted in the present
comparison. The 48-km eta carries cloud water as a prognostic variable and is coupled to a 12-h eta-based intermittent
data assimilation system. It replaced the 80-km eta as the NCEP's early operational model on 12 October 1995.
Compared to the then-operational 80-km eta, the 48-km eta has demonstrated substantially increased skill at all eight
precipitation categories for which verifications are made. The increase in skill was greatest for the most intense precipitation, at the threshold of 2 in. (24 h) . A 24-48-h forecast of accumulated precipitation, resulting from Hurricane
Allison as it was crossing the extreme southeastern United States, is shown as an example of a successful forecast of
intense precipitation by the 48-km model.
Reasons for the advantage of the eta model over its predecessor, the NGM, are reviewed. The work in progress is
outlined.
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l.The verification problem; eta model
precipitation scores

Given that there is little firm guidance as to the
value of numerous possible efforts in trying to further
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mount importance. In the development work on the
eta model at the National Centers for Environmental
Prediction (NCEP, previously the National Meteorological Center), useful information was repeatedly obtained also from comparisons with other models run
on the same initial condition. Such comparisons are
routinely available, as there are three operational
models that are run each day on 0000 and 1200 UTC
data.
The three operational models, their aliases, and a
few of their most basic characteristics are as follows.
• The Nested Grid Model (NGM), or when referring
to the forecast system containing the model, Re2625
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gional Analysis and Forecasting System (RAFS):
This is a sigma coordinate gridpoint model, with
an approximately 80-km inner grid nested inside
its own coarser outer grid. Both grids have 16 layers in the vertical. It employs fourth-order accuracy
schemes, along with a periodic application of a
fourth-order Shapiro filter. It is initialized using a
12-h NGM-based intermittent assimilation using
("regional") optimum-interpolation (ROI) analysis
(DiMego 1988), with a 2:00 h data cutoff. The
model as well as its analysis system have been "frozen" as of August 1991 (DiMego et al. 1992), making the model an attractive tool in calibrating
progress of developing models.
• The Medium Range Forecasting Model (MRF), or
Aviation (Avn) model, is a global spectral sigma
system model. Since August 1993 it is run with the
triangular 126 truncation (T126) and 28 layers (e.g.,
Kanamitsu et al. 1991; Pan and Wu 1994). The two
names, MRF and Avn, refer to the same model but
to different data cutoff times: twice daily, at 0000
and 1200 UTC, the model is run 72 h ahead with
an early data cutoff, of 2:45 h, under the name
Aviation model; at 0000 UTC the Avn run is followed by the MRF model run with a later data cutoff, of 6:00 h. The model is initialized with a spectral statistical-interpolation (SSI) analysis (Parrish
and Derber 1992) using the Global Data Analysis
System (GDAS) first guess.
• The eta model is a gridpoint, step-mountain vertical coordinate model. Its dynamical part is designed
following the approach of Arakawa of maintaining
a variety of chosen integral constraints of the continuous atmosphere (e.g., Janjic 1984; Mesinger
et al. 1988). Differencing schemes are of secondor approximately second-order accuracy. As of
9 June 1993, the model was run operationally with
approximately 80-km horizontal resolution and 38
layers in the vertical, as the so-called NMC early
run. The term "early" refers to an early data cutoff, of 1:15 h, aimed at providing guidance as
quickly as possible. The model was initialized with
a static ROI analysis using GDAS first guess. The
80-km model was replaced by the 48-km model on
12 October 1995. The 48-km model is initialized
using a 12-h eta-based intermittent assimilation.
All three models (NGM, Avn/MRF, and eta) have
comprehensive physics packages. For a comparison
of these packages, the reader is referred to DiMego
et al. (1992), Pan and Wu (1994), Janjic (1994), and
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references therein. Note that the Avn/MRF and the
eta model both use the same radiation package, developed by the Geophysical Fluid Dynamics Laboratory (GFDL) (Lacis and Hansen 1974; Fels and
Schwarzkopf 1975; see also Black 1994).
Comparison of the results of different models can
be done in numerous ways, such as compiling various verification statistics for individual forecasts and
preferably for samples of forecasts. Regarding the
latter, by far the most emphasis has been placed upon
verification of precipitation forecasts in the case of the
eta model. There are a number of obviously attractive
features that precipitation verification exhibits compared with some of the more common verification
quantities such as the anomaly correlation and rms
errors. For instance, precipitation analyses are not
affected by model information via model-based assimilation schemes, as are, for example, the analyzed
geopotential height and/or wind fields typically used
to obtain anomaly correlation coefficients, rms errors,
and the like in verification of global models. It also
appears unlikely that one can significantly improve
precipitation scores by artificially forcing the prediction model to produce smoother fields, as is typically
possible when it comes to the rms error. Finally, direct verification of precipitation as perhaps the most
important weather element has a clear appeal compared to somewhat more abstract quantities such as
those related to the height of the 500-mb pressure
surface.
The precipitation analysis system of the NCEP's
Environmental Modeling Center (EMC) is based on
data provided by the National Weather Services's
River Forecast Centers (RFCs); these consist of reports of accumulated precipitation for each 24-h period ending at 1200 UTC. The analysis covers the area
of the contiguous United States with reports from
about 10 000 RFC rain gauge stations. In areas of poor
coverage, RFCs data are augmented by radar precipitation estimates if rain gauge data are available to calibrate the radar data. Data are analyzed to the grid boxes
of the verification grid by simple grid box averaging.
With verification grid size on the order of 80 km,
about 10 reports are available per verification box.
Equitable precipitation threat scores, to be defined
below, for the three models for the 1-yr period
September 1993-August 1994 have been presented
recently by Mesinger et al. (1996). The sample was
split into two 6-month subsamples, "winter" and
"summer," September-February and March-August,
respectively. The eta model was shown to achieve
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considerable advantage in threat scores over the other
two models, winning all eight categories in both
subsamples; in summer perhaps with a greater margin than in winter. Note that the "equitable" threat
score is defined as the standard threat score except
for the expected number of "hits" in a random forecast E subtracted from both the numerator and the
denominator:
T=

H-E
F + O-H-E'

(1)

Here H is the number of hits, and F and O are the
numbers of forecast and "observed" model grid boxes
("points"), respectively, registering an event; and
E = FO
N'

(2)

where N is the total number of points being verified
(e.g., Schaefer 1990; Mesinger and Black 1992).
Expression (2) can be worked out in a straightforward
though time-consuming manner by examining the
probabilities of hits for given numbers of observed as
well as total points, and successively greater number
of forecast points, 1,2, . . ., F. Both (1) and (2) are
originally due to Gilbert (1884), which has led
Schaefer to label (1) the Gilbert skill score [see also
Murphy (1996) for a fascinating account of the history of the subject].
In descriptive terms, (1) can be said to represent
the fractional number of correctly forecast points of
a precipitation event above random, normalized by the
total number of observed and/or forecast points, also
above the number of hits in a random forecast. Note
that the latter needed to be reduced by the number of
random hits in order to have (1) equal to unity for a
perfect forecast. Being defined as above, the equitable
precipitation threat score is equal to zero for a random
forecast of any amount, and one for a perfect forecast.
It may be helpful to stress that the normalization
as chosen in (1) is only one within a family of possible normalizations that all have the property just
stated. The normalization in (1) had been selected in
order to minimize the departure from the standard
threat score, which had been in considerable use so
far (e.g., Anthes 1983; Olson et al. 1995).
In spite of the correction for hits in a random forecast, the impact of model bias
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B- F

O

(3)

on the equitable threat score should not be considered
eliminated. This is particularly true for more intense
precipitation, for which the skill of a random forecast
is typically negligible. Thus, at higher thresholds a
greater model bias will normally result in higher equitable threat scores. It will be seen later that none of
the four models in the present comparison are unfairly
rewarded in this way at the highest categories, since
all four of them had biases less than one at the two
highest categories.
Another point that should be emphasized is that the
actual values of the threat scores will depend on the
spatial smoothness of the verification analyses. With
station reports simply box averaged, analysis smoothness will depend on the volume of data available per
verification box area. This has an impact in comparing
models of different resolution and is the reason why
we verify models of resolution higher than about 80 km
only after remapping their forecast precipitation to a
lower-resolution grid. In the case of eta models of
resolutions higher than the 80 km, such as the 48km eta model to be addressed below, remapping is
done to the grid of the 80-km eta model. We shall describe the method used for remapping later in the text.
2.The 48-km eta model

Taking advantage of the increased computing
power that has become available since the implementation of the early eta model, and of EMC's developmental efforts during this time, a replacement version
("upgrade") of the early eta has been prepared.
Compared to the previous operational eta, the major
new features of the upgraded version (48-km eta) are
• increased horizontal resolution, from about 80 to
about 48 km;
• inclusion of cloud water/ice as an additional prognostic variable (e.g., Zhao and Black 1994); and
• use of a 12-h eta-based intermittent data assimilation system (e.g., Rogers et al. 1995b). The system
starts with a first guess obtained from a 6-h global
forecast (GDAS). It employs the same ROI analysis as described by Rogers et al. (1995a), except that
the analysis is done directly on the 48-km grid.
Subsequently, the eta model is used to assimilate the
observations at 3-h intervals throughout the 12-h
2625
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preforecast assimilation period. This is considered
Each of the three major changes was tested indito produce a more consistent first guess for the eta vidually and has been shown to lead to improved preROI analysis than that obtained from the NCEP cipitation scores (Rogers et al. 1995b).
global spectral model.
In keeping with the tradition of looking at verification by seasons, in Fig. 1 scores for the 6-month
period March-August 1995 are presented. Equitable
Two other changes are
threat scores for the three then-operational models and
• removal of a problem in the parameterization of la- the 48-km eta (labeled EDAS, for eta data assimilatent heat fluxes over water—an inconsistent speci- tion) are shown in the left panel, and bias scores are
fication of interface parameters at the boundary shown in the right panel. "All Periods" in the threat
between the viscous sublayer and the turbulence scores title refers to the three verification periods, 024, 12-36, and 24-48 h, for which forecasts are availsurface layer on top of it, and
• inclusion of the Special Sensor Microwave Imager able from all four models, unless archiving or other
(SSM/I) integrated water vapor data in moisture problems occurred with one or more of the models.
In the figure, results for a sample of 379 verifications
analysis over the ocean.
by each of the models are shown. They come from
The horizontal domain of the 48-km model (106° 252 forecasts, with 125 of them verified once, and 127
x 80° of rotated longitude x latitude) is about the same twice (379 verifications is about 69% of verifications
as that of the 80-km model (105° x 75 10/26°); thus that would have been available had there been no
more than a threefold increase in the total number of problems with any of the forecasts). Each model is
grid points, from 12 902 to 41 630 "height" points at verified on its own grid, except for the 48-km eta,
each of the 38 layers, is required. With six three- which is verified on the 80-km eta grid, for reasons
dimensional prognostic fields, and the surface pres- already explained. This is done by remapping foresure field, this results in 9 533 194 atmospheric cast precipitation to the verification grid, with precipiprognostic variables. The top of the model has been tation considered constant over the area of the forecast
model grid box. Remapping is performed by subdiraised from 50 to 25 mb.

FIG. 1. (left panel) Equitable precipitation threat scores for three NCEP's then-operational models and for the 48-km eta model,
March-August 1995, and for various precipitation thresholds; (right panel) bias scores for the same models and period. ETA stands
for the then-operational eta model (80 km/38 layers); GLOBAL for NCEP's global spectral (T126), or Avn/MRF, model; RAFS for
Regional Analysis and Forecast System, of which the NGM is the forecast model; and EDAS for the 48-km eta model, operational as
of 12 October 1995.
2656
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viding each forecast grid box into a chosen number
of subboxes and assigning precipitation of each
subbox to the verification box on which it is centered.
Total precipitation is thus maintained to a desired
degree of accuracy. To assess significance, the total
number of observed grid points at each threshold on
the 80-km eta grid is also shown.
Comparison of the threat scores of the three operational models with those from the "summer" of
1994, shown in Mesinger et al. (1996), reveals that at
most of the thresholds the relative standing of the three
models has remained the same. One exception to this
is the position of the Avn/MRF scores compared to
those of the NGM, with the Avn/MRF in summer
1995 winning two more categories over the NGM than
in 1994, those of 0.10 in. (24 h)- and0.25 in. (24 h)" .
This relative improvement has presumably resulted
from the MRF model changes implemented in January
1995. As to the 80-km eta scores, as in the two
6-month plots of Mesinger et al. (1996), they are
higher than those of either the Avn/MRF or the NGM
at all of the categories. Compared to the scores of
summer 1994, the difference between the 80-km eta
threat scores and those of the NGM has increased at
all of the thresholds. Compared with the Avn/MRF,
the situation with respect to changes from 1994 to
1995 is more mixed, but generally favoring the eta.
One possible reason for these relative improvements
of the eta are its 80-km system changes implemented
in September 1994 (Rogers et al. 1995a). They consisted of refinements in the optimum interpolation
(01) procedure and of the replacement of the silhouette by the "silhouette/mean" topography, discussed
later in the text. Another possible reason is the higher
abundance in 1995 of heavy precipitation events related to relatively small-scale tropical storms and hurricanes, which seem to very much favor the eta
compared to the NGM and perhaps also compared to
the Avn/MRF model.
Substantial advantage of the 48-km eta over the
80-km eta is seen in Fig. 1 across all of the thresholds.
The relative improvement is particularly large for the
most intense precipitation threshold of 2 in. (24 h) .
This improvement has not resulted from an increased
bias, as the 48-km model had even slightly less
2 in. (24 h) precipitation than the 80-km model. Even
so, it has recorded about a 25% increase in the total number of hits over those of the 80-km model, achieving
326 hits compared to only 261 of the 80-km model.
One might wonder whether this increase of 65 hits
at 2 in. has resulted primarily from one or two highly
1

1

_1

_1
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successful forecasts or from more numerous and generally smaller improvements. For an answer, inspection of the 48-km eta versus 80-km hits in individual
verifications was made. A list was compiled of the
larger differences between the 80- and the 48-km eta
in the number of hits in individual verifications. Of
the total of 82 verifications in which precipitation of
2 in. was analyzed and either one or both of the models had positive skill, in only four verifications was
this difference greater than 4. Of these four verifications, the difference was in favor of the 48-km model
three times, with 12, 9, and 6 hits more, and in favor
of the 80-km model once, with 6 hits more. Thus, of
the two options, accumulation of smaller improvements in each of a large number of forecasts better
describes what led to the 65 hits difference in favor
of the 48-km model.
Another way of arriving at information of this kind
is through inspection of the frequency of wins of one
model over the other within the 82 verifications at 2 in.
referred to above. This shows 53 wins in individual
threat scores for the 48-km eta, versus 29 wins for the
80-km model, which is consistent with the conclusion
of the preceding paragraph.
It would appear that, of the three major new features of the 48-km eta model, the data assimilation has
contributed the most to this substantial improvement
in skill for the intense precipitation. When each of
these three features was tested separately, only the
data assimilation resulted in a significant reduction of
the spinup at 2 in., thus largely removing a persistent
problem of the 80-km model. Namely, in the 80-km
model, too little heavy precipitation tended to be produced in the first 24-h period. At the same time, little
spinup at the intense precipitation end is a prominent
characteristic of the 48-km model with all the changes
included. While the bias scores of the 80-km model
for the 6-month sample and the three verification periods, 0-24, 12-36, and 24-48 h, amounted to 0.548,
0.843, and 0.833, respectively, the bias scores of the
48-km model and the same verification periods were
0.695, 0.750, and 0.743, a much more even distribution. Accordingly, 19 of the 53 wins at 2 in. for the
48-km model, more than one-third, were achieved at
the first verification period. This compares with only
8 wins at the first period for the 80-km model, out of
29 that it had for all three periods.
Additional revealing information regarding the
scores shown in Fig. 1 can be obtained from various
subdivisions of the precipitation sample. Thus, one
may wish to contrast precipitation associated with
2625
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middle-latitude large-scale disturbances prevalent
during the cold season against that from smaller-scale
convectively driven systems typical in warmer
months. Splitting the 6-month sample into two 3month subsamples, March-May and June-August
1995, shows that the 48-km eta achieved the best
threat scores at all categories in both subsamples but
that the distinctly larger contribution to its advantage
came from the summer months, June-August (not
shown). A significant contributor to these successful
summer scores of the 48-km eta was its very good performance for several hurricanes affecting the eastern
United States during that time (e.g., Allison and Felix).
Some of the readers may wonder if improvements in
scores as those addressed here, at 2 in. from 0.107 to
0.139 in case of the eta 48- versus the 80-km model, are
of any practical usefulness given how small both of
these numbers are in comparison with 1. It is in this
sense useful to recall that the normalization in (1), which
will determine the actual number, has been chosen for
historical reasons, and that it is only one within a family
of possible normalizations. If, for example, the normalization were done by the average rather than by the sum
of the observed and/or forecast points, the property
of the random and of the perfect forecast being equal
to zero and to one, respectively, would not have
changed, but the actual numerical values of the scores
at the intense and at the medium precipitation categories where the values of E are extremely small would
have approximately doubled. For further comfort, the
recent paper by Olson et al. (1995) may be consulted
giving evidence of the respect that scores of the order
of magnitude of 0.1-0.2 at the intensity of 2 in. (24
h) enjoy in the operational forecasting community.
-1

3. Hurricane Allison

An example of how much better the 48-km eta had
sometimes forecast the most intense precipitation is
seen in Fig. 2, which shows forecasts by the four
models of the 24-48-h accumulated precipitation verifying at 1200 UTC 6 June 1995. At that time, remnants of Hurricane Allison were crossing the extreme
southeastern gulf states, with the low center analyzed
at 996 mb at 1200 UTC over eastern South Carolina
in NCEP's manual (Northern Hemisphere) analysis.
This can be seen in Fig. 3, in which its track and the
positions of the low center at 12-h intervals are displayed. As shown in Fig. 2, the three then-operational
models had each forecasted maximum associated pre2656

cipitation to occur at or close to Florida's gulf coast.
The 48-km eta model, however, had the maximum
precipitation, of over 3 in. (24 h)" , centered over eastern South Carolina. According to the EMC's precipitation analysis, shown in Fig. 4, this is precisely what
was observed. When interpreting Fig. 4, recall that the
EMC's precipitation analysis contains no reports from
open ocean, so that the contours have to close off without extending far from the coastline.
The 48-km eta model was just as successful in forecasting the track of the associated sea level pressure
center. As seen in Fig. 5, of the four models it was the
only one that for 48-h forecast verifying at 1200 UTC
6 June had placed the low center over eastern South
Carolina, as analyzed. Given the forecasts of Fig. 2,
this is not surprising as a reasonably accurate forecast
of the circulation pattern might be expected to be a
prerequisite for a successful precipitation forecast.
1

4. Comparison of 80-km eta a n d N G M

Note that in the context of the 48-km model, the
80-km eta can be looked upon as its stripped-down
version, devoid of the five 48-km model features listed
in the preceding section. According to Fig. 1 though,
it still enjoys considerable advantage over the NGM.
As stated already, this only confirms the difference
noted in the two 6-month samples discussed in
Mesinger et al. (1996). In this section we shall focus
on the difference between these two models—of a
similar resolution—by pursuing a number of questions
as follows. To what extent, if any, does the plot of
Fig. 1 reflect the overall performance of the two models? Namely, 1) what other aspects of the model systems may have an impact and in what way, and 2) does
the statistic chosen reflect the model's accuracy in forecasting the location of weather systems, or is it perhaps
more an illustration of the performance of model precipitation schemes? Finally, 3) to the extent the former
is the case, can one identify the model's features that
are making major contributions to the eta's advantage?
Regarding the first question, three aspects other
than the model design come to mind: differences in
the model analysis/initialization schemes, in the data
cutoff time, and in the sizes of verification grids.
While there are some differences between the 80km eta and the NGM analysis/initialization (Rogers
et al. 1995a), which model these differences should
favor is not obvious. One difference is that there is
no initialization scheme in the eta system, while the
Vol. 77, No. 1 7, November 7 996
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FIG. 2. Sections of the 24-48-h accumulated precipitation forecasts by the NGM (upper-left panel), the Avn model (upper-right
panel), the 80-km eta model (lower-left panel), and the 48-km eta model (lower-right panel), all verifying at 1200 UTC 6 June 1995.
Contouring/shading of precipitation amount is shown to the left of each panel.

RAFS uses the Baer-Tribbia initialization (Baer and
Tribbia 1977). The 45-min shorter data cutoff of the
eta, 1:15 versus 2:00 h, should be of benefit to the
NGM. For example, at 1200 UTC and below 100 mb,
RAFS receives about 25% more aircraft reports, 16%
more mandatory level rawinsonde reports, 39% more
significant level temperature reports, and 34% more
significant level wind reports, respectively, than the
eta. At 0000 UTC the differences are about one-half
that much. As to the verification grid size, strong evidence has been obtained in our numerous verification
efforts that verification on a higher-resolution grid
tends to adversely affect the precipitation scores because the impact of the increased noisiness of the
analysis using the grid box average approach outweighs a possible increase in accuracy due to the increased horizontal resolution of the model. While the
grid sizes of the 80-km eta and the NGM are nominally the same, the average grid distance of the NGM
over the contiguous United States is in fact someBulletin of the American Meteorological
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what smaller, by about 7 km. Thus, on balance considering all three of the aspects just referred to,
analysis/initialization, data cutoff times, and model
grid sizes, it is not clear which one of the two models
should be at an advantage, but most likely the impact
of these differences is not large.
Since the threat score, (1), is reduced by observed
precipitation that is not forecast, a possibility that
deserves consideration is that the NGM's severe bias
deficiency for medium- and high-intensity precipitation, seen in the right panel of Fig. 1, is in fact the main
culprit for its inferior threat scores. In other words,
perhaps the location of forecast precipitation by the
NGM is just as accurate as that of the eta, or even more
accurate, but the threat score is nevertheless smaller
because there are not enough points forecast.
This hypotheses can be tested by removing the penalizing of the score via the observed points that are
not forecast, O - H , from the denominator of (1). The
resulting score
2625
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FIG. 3. A section of the NCEP's Northern Hemisphere surface analysis, valid at 1200 UTC 6 June 1995. Isobars are drawn at
intervals of 4 mb.

was referred to as the "skill corrected success ratio"
by Schaefer (1990). It gives the fraction of the forecast points that have verified, with both the points that
verify and the total forecast points reduced by hits due
to chance. Other things being equal, a model having
low bias should be in a favored position to achieve
high success ratio, being more demanding in taking a
decision to forecast precipitation of a given category.
Skill corrected success ratio of the 80-km eta and
the NGM for the 6-month sample of Fig. 1 is shown
in Fig. 6. The success ratio of the 80-km eta is seen
to be higher than that of the NGM at all categories,
including the five highest categories, of 0.5-2 in.,
which the NGM was favored to win on account of its
smaller bias. The hypotheses put forward thus apparently has to be rejected.
As to the models themselves, an issue that perhaps
first comes to mind is that of the overall computing
2644

effort employed. Domain sizes as well as the horizontal resolutions of the two models are comparable.
Recall, though, that the NGM is a fourth-order accuracy model, the higher accuracy having at times been
looked upon as equivalent to a higher horizontal resolution. While one may have doubts in this regard, the
increased computational effort involved is indisputable. The eta's vertical resolution, on the other hand,
is higher by more than a factor of 2. In an experiment
comparing scores of a sample of 148 forecasts performed by each of four models, the NGM and three
versions of the eta model differing in resolution only,
the increased eta vertical resolution compared to that
of the NGM resulted in improvement of the eta precipitation scores across all of the thresholds (Mesinger
et al. 1996). This improvement, however, was considerably smaller than the advantage the eta showed over
the NGM even with no increase in vertical resolution.
In the two 6-month samples of Mesinger et al.
(1996), the eta's overall advantage over the NGM appeared to be greater in the March-August than in the
Vol. 77, N o . 11, November
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September-February period.
Since convection is playing a
much greater role in summer
than in winter, this is consistent
with the possibility of the eta
model's convection scheme
(Janjic 1994) making a significant contribution to the
model's advantage in precipitation scores. However, one ought
also to be reminded of tests
made in 1988 and 1989 with the
then eta model version of the
Betts-Miller scheme used in the
NGM, aimed at implementing
the eta scheme in the NGM
should that prove to be beneficial.
In spite of the improved precipitation forecasts for medium intensity and in particular for
heavier precipitation (Mesinger
^
,
precipitation analysis, valid at 1200 UTC 6 June 1995.
et al. 1990), the results were m Contours are drawn at intervals of 6.25 up to 25 mm and at 25 mm for amounts greater
some respects mixed (Plummer than 25 mm (24 h) .
et al. 1989). Eventually the
scheme was not implemented.
One can cite stronger evidence supporting a subIt should be recalled though that the 16-forecast
stantial positive impact from the eta versus sigma co- scores of the 80-km eta run as a sigma model were
ordinate. Recall that with the eta coordinate being only still better by a wide margin than those of the NGM
a modification of the sigma coordinate, experiments across all of the thresholds. While many model feaare easily conducted whereby an eta model code is run tures could be considered responsible for this superias a sigma model. An early experiment of this kind ority of the 80-km eta, there are good reasons to
(Mesinger et al. 1988) demonstrated that a significant believe that the eta model's emphasis on maintaining
amount of noise is generated by the use of the sigma selected properties of the continuous atmosphere is
coordinate, which can hardly be explained by reasons making an important difference. Note that, for example,
other than numerical errors. This had happened in the model's schemes algebraically conserve energy in
spite of the code using a hydrostatically consistent transformations between the kinetic and potential energy
pressure-gradient force scheme (Janjic 1977; in space as well as in time differencing (Janjic et al.
Mesinger and Janjic 1985), which should have helped 1995). Presumably as a result of this reliance on the
reduce the pressure-gradient force errors of the sigma maintenance of chosen integral properties, the model
coordinate. Real data experiments done on 9 statisti- does not need "horizontal diffusion" for stability or—
cally processed forecasts by Mesinger and Black in case of the 80-km model—even for a smooth appear(1992), and more recently on 16 forecasts by Mesinger ance of its various output fields (e.g., Mesinger et al.
et al. (1996), with the eta model run using the eta and 1993). This, in turn, is believed to improve the model's
the sigma coordinate with all other model features un- ability to benefit from its physical parameterization
changed showed considerable benefits resulting from schemes—which, according to standard practice, are
the eta coordinate. The results of the more recent 16- applied at individual grid points of the model resultforecast experiment we find particularly convincing ing in considerable forcing at the shortest scales. Note
as it was done without the etalike discretization of the that the shortest scales are sensitive to properties of
topography when the model was run in its sigma the differencing schemes used and in particular are
mode, a feature that may have adversely affected the subject to undesirable damping if physically unjustisigma forecasts of the earlier experiment.
fied horizontal diffusion or filtering is applied.
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FIG. 5. Sections of the sea level pressure and 1000-500-mb thickness forecasts by the NGM (upper-left panel), the Avn model
(upper-right panel), the 80-km eta model (lower-left panel), and the 48-km eta model (lower-right panel); all verifying at 1200 UTC
6 June 1995. Isobars (solid) are marked in millibars, and thickness lines (dashed) in decameters.

A final aspect we shall list here is one of the accumulation of benefits from numerous smaller refinements arrived at in an environment of careful
monitoring of the performance of an operational
model. A number of such refinements of the eta
model have, of course, been arrived at during the last
several years. As perhaps a typical example, we shall
note a change in the definition of topography implemented in September 1994 whereby the previously
used "silhouette" has been replaced by the so-called
silhouette/mean topography. Recall that, following
the idea of Y. Mintz (Mesinger et al. 1988), the silhouette topography is obtained as an average of the
horizontal projection, or silhouette, of the highresolution topography of the model's grid box. The
average here refers to an average over two coordinate
directions. The motivation of the silhouette topography is to use the elevation as it is on average presented
2656

to an unobstructed predominantly horizontal largescale flow, in other words, to simulate the barrier effect of mountains. This, however, has an undesirable
effect of increasing the volume of model mountains,
thereby hampering the model's ability to simulate
some of the actual atmospheric events, and increasing the occurrences of station elevations being under
the model terrain with a concurrent loss in the model's
capability to use the observations. No need exists,
however, for an effort to simulate the barrier effect
of mountains and suffer from these disadvantages at
places where the actual grid box topography is not a
barrier. This is the motivation for the silhouette/mean
topography. To construct it, a nine-point finite difference Laplacian of the model grid box mean elevation is calculated. The silhouette values are then used
at points at which the Laplacian is negative. At remaining points, the mean elevation is used, as there
Vol. 77, N o . 1 7, November 7 996
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is at these points no need for a barrier-like representation of the actual topography.
5. Conclusions; w o r k in progress;
outlook

For some perspective, one may note that the impression of the increase in forecast skill having slowed
down in recent years seems to be rather widespread
(e.g., Thomas 1994). To better appreciate the issue at
hand, recall that no proof exists of substantial additional progress in the accuracy of weather prediction
being possible. In particular, little progress in quantitative precipitation forecasting by numerical models
was stressed at numerous times (e.g., Ramage 1993;
Emanuel et al. 1995; Olson et al. 1995). We thus see
it as highly rewarding that as much improvement as
indicated in the plot of Fig. 1 was achieved by the
48-km eta model. As perhaps a vivid illustration of
the magnitude of the increase in accuracy accomplished, we may mention that the 48-km eta threat
scores at 48 h were higher than those of the NGM at
36 h at all eight of the categories monitored. Thus,
more than a 12-h increase in the validity of quantitative precipitation forecasts has been gained by eta
compared to the NGM. It may even be fair to say that
a 12-h or more increase in the validity of quantitative
precipitation forecasts has been gained by the 48-km
eta also compared to the Avn/MRF model, since the
48-km eta scores at 48 h for the 6-month sample have
been greater than those of the Avn/MRF at 36 h at all
categories but one, that of 0.25 in. (24 h)" .
A point of interest can be raised regarding the difference in scores between the 48-km eta and the
Avn/MRF model as a function of time. Given that the
eta is driven by 12-h old Avn/MRF boundary conditions, and that eta is a "short-range" as opposed to
the Avn/MRF being a "medium-range" model, one
might expect the difference to diminish and tend to disappear with time. This does not happen in our 6-month
48-h sample; if anything, the differences in threat
scores in favor of the 48-km eta are in fact greater at
48 h than they are at 36 h.
We have emphasized improvements in precipitation scores achieved by the 48-km eta model and have
shown one case of interest in which the model was
particularly successful in comparison with the three
then-operational models. There were also other important events in which the 48-km eta had clearly outperformed the three models just referred to. One of those
1
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FIG. 6. Skill corrected success ratio, Eq. (4), for the thenoperational eta model ("Eta80") and for the NGM, for the 6-month
sample as that of Fig. 1.

was another hurricane case, that of Hurricane Felix, initialized at 0000 UTC 16 August 1995. While at 48-h
forecast time, the NGM, MRF, and the 80-km eta had
all predicted Felix to make landfall on the North Carolina
coast, the 48-km eta had predicted it to remain several
hundred kilometers offshore. This is what verified.
Still another successful forecast of a major event
by the 48-km eta was that of an intense cold surge in
the lee of the Rockies, verifying at 0000 UTC 1 March
1995. The 48-km eta had shown no apparent error in
advancing the cold air southward, as opposed to somewhat too slow movement forecast by the 80-km eta,
still slower by the Avn model, and slower yet by the
NGM. This approximately error-free performance of
the 48-km eta—and of the still higher resolution and
newer 29-km eta—in advecting the very cold air southward east of the Rockies has since been confirmed in
several cases of the winter 1995-96, in particular, in
that of the intense arctic surge that brought record low
temperatures in numerous places at the beginning of
February 1996. One should note that in this way what
was widely recognized as "an inherent problem of all
the models" of being "often too slow in advecting extremely cold arctic air southward east of the Divide"
(Sullivan et al. 1993) has apparently been removed.
While we have emphasized the improvements
made, it must be understood that systematic errors of
various kinds have to be present also in the 48-km eta
model. Limited exposure at the time of this writing
to the performance of the model makes the knowledge
of such errors less than one would wish to have. One
2625
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deficiency that has been pointed out is that forecast precipitation patterns, while perhaps having an adequate
space structure, lack adequate detail in their time structure compared to the observed precipitation. Inability of
the model to maintain sharp moisture gradients of the
dryline is another weakness stressed. The diurnal
cycles of the skin and 2-m temperatures are also believed to have been generally too flat. This, however,
would have been affected by a recent introduction of a
two-layer soil model, and illustrates the difficulty in acquiring extensive documentation on model errors in an
environment of continuous model development work.
Still other problems have been suggested. It is hoped that
the knowledge of the weaknesses of the model will become greater as the model performance is monitored
further, helping guide model development work.
Efforts are in progress at EMC on a number of
projects expected to result in continued increase in skill
and alleviation of model weaknesses. On 31 January
1996 a two-layer soil model with a vegetation canopy
(e.g., Chen et al. 1996) replaced the former singlelayer bucket model of Janjic (1990). Intensive development work is under-way on further refinement of
the soil model. One recent development in this context is the incorporation of the viscous sublayer over
land surface, proposed by Zilitinkevich (Janjic 1996a).
Above the surface layer, the realizability problem of
the Mellor-Yamada 2.5 turbulence closure has been
revisited and several changes were made (Janjic
1996b). An issue that has received attention while
monitoring the performance of all three NCEP operational models in the spring of 1995 was strong evidence
of their predicting surface cyclones systematically too
far north and too deep as they organize in the lee of
the Rockies. In test cases recently done with the 48km eta model this error was reduced by including a
parameterization of form drag, so-called orographic
roughness (e.g., Mason 1986; Georgelin et al. 1994).
Work on the form drag scheme is continuing. While
the modified Betts-Miller convection scheme of the
model (Janjic 1994) is generally considered highly
successful, additional refinements are possible (e.g.,
Black and Mesinger 1994). Other convection schemes
have been and are also at this time being tested.
While we have here emphasized the performance,
and in particular precipitation scores of the 48-km eta,
it should be recalled that a "mesoscale" version of the
model (e.g., Black 1994), at 29 km/50 layers resolution, on a domain covering most of the North American continent and parts of the adjacent oceans, has
been set up and extensively tested. The model is fully
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operational since August 1995. Monitoring the differences in the performance of the two eta models
taking account of the differences in model initialization systems and model setup features has been still
another source of information on model characteristics expected to be useful in further developmental
work.
Several steps can be explored for a still more successful numerical design of the hydrostatic eta model
(e.g., Mesinger et al. 1996). For expected implementation at a later time, development of a comprehensive nonhydrostatic version is taking place (Gallus and
Rancic 1996). In extensive testing of the nonhydrostatic eta, a number of options are being considered;
these will undoubtedly continue to be a challenge for
a considerable time to come.
Acknowledgments. Development and implementation of a
forecasting system, of which a model is only a part, results of
course from dedicated work of many people; regarding the eta
system, only some of whom are mentioned in various references.
For the present model comparison, the contribution of Mike
Baldwin via his maintenance of the EMC's precipitation analysis and verification system was clearly essential. Specific helpful suggestions regarding the manuscript text were given by
Geoff DiMego and by NCEP internal reviewers, Masao
Kanamitsu and Eric Rogers. Comments of and discussions with
Zavisa Janjic and Tom Black on a variety of points were most
useful. Finally, three anonymous reviewers have made a number of very useful suggestions that have improved the readability and the information quality of the text.
On a more general level, this research would not have been
possible without recourse to the extraordinary research environment of the Environmental Modeling Center and of other unique
facilities at the National Centers for Environmental Prediction,
Camp Springs, Maryland. In this sense and otherwise, contributions of Drs. Eugenia Kalnay, director of the center, Geoff
DiMego, chief of its Regional and Mesoscale Modeling Branch,
and Ron McPherson, NCEP's director, cannot be overstated.
References

Anthes, R. A., 1983: Regional models of the atmosphere in middle
latitudes. Mon. Wea. Rev., Ill, 1306-1335.
Baer, F., and J. Tribbia, 1977: On complete filtering of gravity
modes through non-linear initialization. Mow. Wea. Rev., 105,
1536-1539.
Black, T. L., 1994: The newNMC mesoscale eta model: Description and forecast examples. Wea. Forecasting, 9, 265-278.
, and F. Mesinger, 1994: A hybrid Betts-Miller convection
scheme using explicit moisture convergence. 10th Conf. on
Numerical Weather Prediction, Portland, OR, Amer. Meteor.
Soc., 70-71.
Chen, F., and Coauthors, 1996: Modeling of land-surface evaporation by four schemes and comparison with FIFE observations. J. Geophys. Res., 101, 7251-7268.
Vol. 77, No. 1 7, November 7 9 9 6
Unauthenticated | Downloaded 01/09/23 08:56 AM UTC

DiMego, G. J., 1988: The National Meteorological Center regional analysis system. Mon. Wea. Rev., 116, 977-1000.
, K. E. Mitchell, R. A. Petersen, J. E. Hoke, J. P. Gerrity,
J. J. Tuccillo, R. L. Wobus, and H.-M. H. Juang, 1992:
Changes to NMC's regional analysis and forecast system.
Wea. Forecasting, 7, 185-198.
Emanuel, K., and Coauthors, 1995: Report of the First Prospectus
Development Team of the U.S. Weather Research Program to
NOAA and the NSF. Bull. Amer. Meteor. Soc., 76,1194-1208.
Fels, S. B., and M. D. Schwarzkopf, 1975: The simplified exchange approximation: A new method for radiative transfer
calculations. J. Atmos. Sci., 32, 1475-1488.
Gallus, W. A., Jr., and M. Rancic, 1996: A non-hydrostatic version of the NMC's regional Eta model. Quart. J. Roy. Meteor.
Soc., 122, 495-513.
Georgelin, M., E. Richard, M. Petitdidier, and A. Druilhet, 1994:
Impact of subgrid-scale orography parameterization on the simulation of orographic flows. Mon. Wea. Rev., 122, 1509-1522.
Gilbert, G. K., 1884: Finley's tornado predictions. Amer. Meteor.
J., 1, 166-172.
Janjic, Z. I., 1977: Pressure gradient force and advection scheme
used for forecasting with steep and small scale topography.
Contrib. Atmos. Phys., 50, 186-199.
, 1984: Nonlinear advection schemes and energy cascade on
semi-staggered grids. Mon. Wea. Rev., 112, 1234-1245.
, 1990: The step-mountain coordinate: Physical package.
Mon. Wea. Rev., 118, 1429-1443.
, 1994: The step-mountain eta coordinate model: Further
developments of the convection, viscous sublayer, and turbulence closure schemes. Mon. Wea. Rev., 122, 927-945.
, 1996a: The surface layer parameterization in the NCEP
eta model. Res. Activities in Atmos. Oceanic Modelling, 23,
WMO, 4.16-4.17. [Available from World Meteorological
Organization, Case Postale 2300, CH-1211 Geneva, Switzerland.]
, 1996b: The Mellor-Yamada Level 2.5 turbulence closure
scheme in the NCEP Eta Model. Res. Activities in Atmos. Oceanic Modelling, 23, WMO, 4.14-4.15. [Available from World
Meteorological Organization, Case Postale 2300, CH-1211
Geneva, Switzerland.]
, F. Mesinger, and T. L. Black, 1995: The pressure advection term and additive splitting in split-explicit models. Quart.
J. Roy. Meteor. Soc., 121, 953-957.
Kanamitsu, M., and Coauthors, 1991: Recent changes implemented into the global forecast system at NMC. Wea. Forecasting, 6, 425^135.
Lacis, A. A., and J. E. Hansen, 1974: A parameterization of the
absorption of solar radiation in the earth's atmosphere.
J. Atmos. Sci., 31, 118-133.
Mason, P. J., 1986: On the parametrization of orographic drag.
Seminar on Physical Parameterization for Numerical Models of the Atmosphere. Shinfield Park, Reading, United Kingdom, ECMWF, 139-165.
Mesinger, F., and Z. I. Janjic, 1985: Pressure gradient force and
hydrostatic equation. Lectures Presented at the Workshop on
Limited-Area Numerical Weather Prediction Models for Computers of Limited Power, Erice, Italy, Short- and MediumRange Weather Prediction Research Publication Series, No. 8,
WMO, 175-223.

Bulletin of the American Meteorological

Society

, and T. L. Black, 1992: On the impact on forecast accuracy
of the step-mountain (eta) vs. sigma coordinate. Meteor.
Atmos. Phys., 50, 47-60.
, Z. I. Janjic, S. Nickovic, D. Gavrilov, and D. G. Deaven, 1988:
The step-mountain coordinate: Model description and performance for cases of Alpine lee cyclogenesis and for a case of
Appalachian redevelopment. Mow. Wea. Rev., 116, 1493-1518.
, T. L. Black, D. W. Plummer, and J. H. Ward, 1990: Eta
model precipitation forecasts for a period including Tropical
Storm Allison. Wea. Forecasting, 5, 483-493.
,
, and M. Baldwin, 1993: Simulations of a December
1992 severe East Coast storm ("Nor'easter 1") with the eta
model. Part I: Sensitivity to model formulations. Preprints,
13th Conf. on Weather Analysis and Forecasting, Vienna, VA,
Amer. Meteor. Soc., 164-165.
,
, and
, 1996: Impact of resolution and of the eta
coordinate on skill of the eta model precipitation forecasts.
Atmos.-Ocean, Andre Robert Symp. Issue, in press.
Murphy, A. H., 1996: The Finley affair: A signal event in the
history of forecast verification. Wea. Forecasting, 11, 3-20.
Olson, D. A., N. W. Junker, and B. Korty, 1995: Evaluation of
33 years of quantitative precipitation forecasting at the NMC.
Wea. Forecasting, 10, 498-511.
Pan, H.-L., and W.-S. Wu, 1994: Implementing a mass-flux convective parametrization package for the NMC Medium-Range
Forecast Model. Preprints, 10th Conf. on Numerical Weather
Prediction, Portland, OR, Amer. Meteor. Soc., 96-98.
Parrish, D. F., and J. C. Derber, 1992: The National Meteorological Center's spectral statistical-interpolation analysis system.
Mon. Wea. Rev., 120, 1747-1763.
Plummer, D. W., T. L. Black, N. A. Phillips, and J. E. Hoke, 1989:
Tests of the Betts-Miller convective parameterization in the
Nested Grid Model. Research Highlights of the NMC Development Division: 1987-1988, NOAA/NWS, 23-25. [Available from NOAA Environmental Modeling Center, 5200 Auth
Road, Camp Springs, MD 20746.]
Ramage, C. S., 1993: Forecasting in meteorology. Bull. Amer.
Meteor. Soc., 74, 1863-1871.
Rogers, E., D. G. Deaven, and G. J. DiMego, 1995a: The regional
analysis system for the operational "early" eta model: Original 80-km configuration and recent changes. Wea. Forecasting, 10, 810-825.
, T. Black, D. Deaven, G. DiMego, Q. Zhao, Y. Lin,
N. W. Junker, and M. Baldwin, 1995b: Changes to the NMC
Operational Eta Model Analysis/Forecast System. NOAA/NWS
Tech. Procedures Bull. 423, 51 pp. [Available from NOAA/
NWS, 1325 East-West Highway, Silver Spring, MD 20910.]
Schaefer, J. T., 1990: The critical success index as an indicator
of warning skill. Wea. Forecasting, 5, 570-575.
Sullivan, B. E., B. D. Terry, and N. W. Junker, 1993: The use of
dynamical model guidance in short-range forecasting. Preprints, 13th Conf. on Weather Analysis and Forecasting,
Vienna, VA, Amer. Meteor. Soc., 35^13.
Thomas, J., 1994: Are we close to the limits of weather prediction? Weather, 49, 147-148.
Zhao, Q., and T. L. Black, 1994: Implementation of the cloud
scheme in the eta model at NMC. Preprints, 10th Conf. on Numerical Weather Prediction, Portland, OR, Amer. Meteor.
Soc., 331-332.
2625
Unauthenticated | Downloaded 01/09/23 08:56 AM UTC

NEW 1 9 9 6 EDITION!
lililp
lilllii

The Curricula
The Curricula is available
provides useful and
for $40/list, $30/members and
detailed information on
students, by sending prepaid
programs in the atmospheric
orders to: Order Department,
sciences and closely related oceanic,
AMS, 45 Beacon Street,
hydrologic, and other sciences including
Boston, MA 02108-3693.
undergraduate and graduate courses and degrees
Please make checks payable to the
offered, types of financial support available, titles
American Meteorological Society.
and amounts of research grants and contracts in effect,
and background information and special interests of faculty
members at universities in the United States, Puerto Rico, and Canada.
2644

Vol. 77, No. 11, November 1996
Unauthenticated | Downloaded 01/09/23 08:56 AM UTC

