Dkt 4/

The Relative Contributions of Data Sources
and Forcing Components to the Large-Scale
Forecast Accuracy of an Operational Model

Sylvie Gravel
Meteorological Research Branch, Atmospheric Environment Service
Toronto, Ontario, Canada

G.L. Browning and F. Caracena
NOAA Forecast Systems Laboratory
Boulder, Colorado, USA

H.-O. Kreiss
Department of Mathematics, University of California, Los Angeles
Los Angeles, California, USA

Abstract

In many fluid flows, the majority of the kinetic energy lies in the low wave number
part of the energy spectrum. Recently, Browning and Kreiss showed that because
this is the case for atmospheric flows, the solution of the diabatic three dimensional
equations can be decomposed into a large-scale and residual component. Browning
and Kreiss pointed out that this scale separation can be the mathematical justifica-
tion for initially forecasting only the evolution of large-scale motions and then using
those results as boundary conditions for limited area forecasts of developing smaller
scale features. In this study, the relative contributions of some of the forcing com-
ponents in an operational global weather prediction model are quantified in order to
determine which are the major contributors to the large-scale forecast accuracy over
time. This allows the complexity of the large-scale forcing to be chosen according
to a preselected level of accuracy in the large-scale forecast. In a similar manner,
the relative contributions of various observational data sources are quantified so that
appropriate observational data sources can be chosen to satisfy the preselected level
of accuracy.



1 Introduction

Recently, Browning and Kreiss (2002) pointed out that because the majority of the kinetic
energy in the atmosphere is contained in the low wave number part of the energy spectrum
(e.g. Daley 1991) , balanced large-scale flow should satisfy a particular hyperbolic system
of equations forced by the large-scale part of the atmospheric heating for a certain period of
time. In general, the various sources of atmospheric heating, e.g. latent heating and solar
radiation, are not measured by the observational network, but are included in climate and
weather prediction models using approximations of the heating processes called physical
parameterizations. To ascertain the appropriate physical parameterization that should be
included in the forcing of the hyperbolic system, it is reasonable to determine the rela-
tive contributions of the individual parameterizations to the forecast accuracy of a typical
global weather prediction model. Then the dominant parameterizations can be added back
sequentially to determine the ones that are essential in maintaining the accuracy of the
large-scale forecast over time. Earlier, Browning and Kreiss (1996) also analyzed the rate
of convergence to the slowly evolving solution when periodically in time inserting various
types of data into a time dependent system with multiple timescales. The dependency of
the accuracy of the large-scale forecast on the periodic insertion in time of various sources
of observational data into the data assimilation scheme is also investigated.

The outline of this paper is as follows. In section 2, a brief overview of the Canadian Me-
teorological Centre (CMC) global operational model used in this study is given. In section
3, quantitative results on the change of the large-scale forecast accuracy when the physical
parameterizations are added sequentially according to their importance are presented. Sec-
tion 4 contains a discussion on the large-scale forecast accuracy when observational sources
are added incrementally to the operational assimilation (periodic updating) precess accord-
ing to their contribution to the forecast accuracy. The conclusions are contained in section
5.

2 Operational Model Overview

The separation of the solution of the diabatic equations that describe the evolution of
the earth’s atmosphere into two components based on the decay of the kinetic energy
spectrum (Browning and Kreiss, 2002) suggests that the balanced, large-scale component
of the solution can be computed using only the large-scale part of the initial conditions and
forcing for some period of time. A series of experiments will be be made to determine the
relative contribution of various observational data sources and physical parameterizations
to the accuracy of the large-scale forecast. The operational model used in this study is
the global Environmental Multiscale (GEM) model of the Canadian Meteorological Centre
(CMC). Documentation of the numerical approximations and physical parameterizations
used in the model at one stage in its continuing evolution are described in Coté et al.
(1998) , and Mailhot et al. (1997) respectively. The operational assimilation system is
an updated version of the three dimensional variational system described in Gauthier et
-al. (1999) . The most recent modifications to both the model and the assimilation system
are described on the CMC web site (www.msc-smc.ec.gc.ca/cmc/index_e.html). For the



purposes of this study, the operational forecasts were run using the configuration in use
operationally at the time of the experiments (Spring 2002). The main characteristics of the
model are the following:

e semi-Lagrangian, semi-implicit time discretization with a time step of 45 minutes;

o finite-element spatial discretization on a spherical grid with 0.9 degree resolution in
latitude and longitude;

o complete physical parameterization, including:

- Solar and infrared interactive radiation schemes;
- Land-surface force-restore scheme;

- Turbulent kinetic energy boundary layer scheme;
- Surface layer;

Kuo-type deep convection scheme;

Non-precipitating shallow convection scheme;

Sundqvist stratiform condensation scheme;

McFarlane gravity wave drag scheme.

Although the results to be presented are only for this version of the CMC assimila-
tion system and operational model, they should generalize to other comparable operational
models. The behaviour of the GEM model was extensively tested against that of the previ-
ous operational model at CMC, a global spectral model (Ritchie and Beaudoin 1994) and
was shown to have essentially the same error statistics for extended forecast periods in
different seasons. The CMC web site plot of the time series for the root mean square errors
(RMSE) in the forecast winds compared with radiosonde observations at 500 hPa at 48
and 120 hours for a suite of operational models is reproduced in Fig. 1. The GEM model’s
performance compares to that of other models. As can also be seen from this figure, the
maximum large-scale errors occur in the winter months. An interesting atmospheric evo-
lution period from February 05 to February 15, 2001 used to verify recent changes in the
operational assimilation and model is also used in this study. (See Fig. 2)

3 Relative Contributions of Physical Parameteriza-
tions

As a first step in ascertaining the appropriate forcing to include in the hyperbolic system
derived by Browning and Kreiss (2002) , it is reasonable to determine the relative contri-
butions of the physical parameterizations included in the global operational model to the
accuracy of the large-scale forecast over time. Then the dominant physical parameteriza-
tions can be added sequentially according to their order of contribution to the accuracy
of the forecast. This process determines the complexity of the large-scale forcing that is
required to match the operational level of large-scale forecast accuracy for a given period
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of time. In the experiments described in this section, all of the initial conditions were pro-
duced by the operational three dimensional variational data assimilation scheme (Gauthier
et al. 1999) .

The easiest modifications of the CMC operational model can be accomplished through
flags in a configuration (input) file. Thus the initial experiment consisted of comparing
the accuracy of the operational model with a no physics (dynamics and topography, but
no mountain drag) version of the operational model. The results for this experiment (and
the ones that follow) were produces by a standard CMC graphics package that computes
the errors in a forecast of the longitudinal velocity component (UU), the speed (UV), the
geopotential height (GZ), and the temperature (TT) relative to radiosonde observations as
a function of height (hPa) over a given subdomain of the earth. The original package has
been modified slightly to show the relative ly errors
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where F' is the forecast, and O the observations, of each of these fields as a function of
height for a control (thick line) and comparison (thin line) forecast. Figures 3, 4, and
5 show the average errors for the 21 forecasts initialized at 0 and 127 during the period
mentioned in section 2 of the operational (control) and no physics (comparison) version of
the GEM model over North America at 0, 24 and 48 hours, respectively. Note that typically
the velocities near the surface are small so that large relative errors there would not be as
significant in an l; norm over the entire subdomain.

The boundary layer parameterization appears to play an important role in maintaining
the quality of the forecast. The turbulent vertical diffusion scheme in the operational
model was originally developed by Mailhot and Benoit (1982) and described in Benoit et
al. (1989) {Benoi:89. The treatment of eddy vertical diffusion rests on a time-dependent
equation for the turbulent kinetic energy (TKE). Vertical transfers due to turbulent air
motion are parameterized in the form of vertical diffusion, with the tendencies calculated

as follows: o 19 -
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where v is u, v, the relative humidity g, or the potential temperature 6, while p is the density.
The vertical diffusion coefficients Ky are variable and reflect the intensity of the turbulent
exchanges. The symbol "y represents a counter-gradient term. When this parameterization
was reintroduced in the otherwise adiabatic model, the large-scale forecast accuracy of the
simplified model was very close to that of the operational model especially for the first day,
as can be seen in Figs. 6 and 7. The use of a simpler boundary layer parameterization,
where the cross-gradient term Yy is dropped, and where the diffusion coefficients Ky are
constant in time and vary in the vertical following a prescribed cubic profile, produced
similar results to the more complex TKE scheme. Figs. 8 and 9 show the average errors
of the operational (control) and simple boundary layer (comparison) version of the GEM
model over North America.

A simple parameterization of planetary boundary layer appears therefore to be sufficient
to maintain forecast accuracy comparable to the operational model for a 24 hour, large-scale
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forecast. Figure 10 and 11 compares the 24 hour forecast of the absolute vorticity fields
obtained from the operational model, and model with only a simple PBL parameterization.
The comparable accuracy of the two forecasts translates into very similar large-scale fields.

4 Relative Contributions of Observational Sources

There are a number of sources of observational data of varying quality (for a review of
these sources see Daley 1991) . There has been considerable debate as to the scientific
value of the various sources, especially relative to their cost. Earlier, Browning and Kreiss
(1996) analyzed the most efficient method to periodically insert data in time into a multiple
timescale system to reproduce the slowly evolving component. The CMC three dimensional
assimilation system (Gauthier et al. 1999) combines different observational data sources
with a previous model forecast (background) to produce an analysis (initial conditions) on
the model grid every 6 hours. This approach is similar to periodic updating. The main
characteristics of the CMC system are the following:

o Incremental method based on a spectral T119 model;
e 28 model levels from the surface to 10 hPa for the vertical resolution;
e Analysis variables are:

- Streamfunction;

velocity potential;

temperature;

surface pressure;

specific humidity.

and it uses the following data sources:
e Radiosondes;
e Dropsondes;

o Aircraft Meteorological DAta Report (AMDAR) and Aircraft Addressing and Report-
ing System (ACARS);

e Advanced TIROS Operational Vertical Sounder (ATOVS) radiances;
o Satellite winds (SATWINDS) from GOES-8 and 10.

The relative contribution of a number of the observational data sources to the large-scale
forecast accuracy was determined and then the data sources added back according to their
importance to the accuracy of the forecast for the North American continent. A series of
15 day data assimilation cycles were performed, starting on Feb. 01 2001. From the last
10 days of each cycle, 21 analyses valid at 0 and 127 were used to initialized the forecasts.



Figure 12 shows the average errors over North America for the 21 analyses for the period
mentioned in section 2 done with the complete operational data set (control) and with only
the radiosonde observations (comparison) . The error profiles are very similar, with only a
slight advantage for the series with the full data set. Figures 13 and 14 show the average
forecast errors at 12 and 24 hours, respectively, for the 21 forecasts initiated from these two
sets of analyses.

Clearly, the radiosondes (RAOBS) observations play a major role in the short term
accuracy of the forecast. However, differences in the analyses not detected in Fig. 12
are responsible for the differences in behaviour of the two sets of integrations. A possible
explanation, reinforced by the differences in error patterns between the Eastern and Western
part of North American shown in Fig. 15 and 16, is that analysis differences over the Pacific
Ocean, i.e. upwind of the region of verification, are advected over the area of interest during
the course of the forecast. Figure 17 shows for one case (Feb. 62001 0Z) the differences over
the Northern Hemisphere for the 250 hPa zonal wind between the analysis performed with
the operational data set, and the one that included only the radiosondes. The differences
over North America are negligible, as can be expected from Fig. 12, but are significant over
the oceans.

For this particular period, an improvement in the quality of the forecast is gained from
adding to the radiosonde data one of two data sources. Figures 18 and 19 show the average
errors when the ATOVS data, and the AMDAR and ACARS data are added to the RAOBS,
respectively. The impact of either one of these data sets, which offers data coverage over
the oceans, is significant, and leads to short term large-scale forecasts over North America
of comparable quality to those obtained when the full operational data set is used. The
ATOVS data have the advantage of offering a global coverage, but rely on complex radiative
transfer models (RTTOV), and are effective only in areas where cloud opacity does not
exceed a given threshold. The radiances provide information on temperature, and to a lesser
degree specific humidity. Wind information is indirectly inferred from these observations
through the multivariate formulation of the background error statistics used in the analysis.
This is not the case for the wind data included in the AMDAR and ACARS data sets, which
directly measures the dominant component of the slowly evolving solution (Browning and
Kreiss 1996).

5 Conclusion

Browning and Kreiss (2002) pointed out that the balanced large-scale atmospheric flow
should satisfy a particular hyperbolic system of equations forced by the large-scale part of
the atmospheric forcing for a certain period of time. In general, forcing is included in at-
mospheric model through the use of approximations known as physical parameterizations.
To ascertain which of these parameterizations play a significant role in the short term accu-
racy of large-scale forecasts, several numerical simulations were made with the operational
forecast model GEM of the Canadian Meteorological Centre (CMC). The results obtained
show that the inclusion of a simple parameterization of the eddy viscosity in the plane-
tary boundary layer is sufficient to obtain large-scale forecasts of up to 24 hours that are
of comparable accuracy to those obtained from the operational model with its full set of



parameterization.

The accuracy of the hyperbolic system also depends on the accuracy of the initial con-
ditions. A number of observational data sources are used operationally in the analysis
process. Each contributes to a various degree to the quality of the analysis, and the for-
ward models used to obtain model equivalent of the different observations range greatly in
complexity. The dependency of the accuracy of the large-scale forecast on the data used
in the three dimensional data assimilation of CMC was investigated. Results confirmed
the importance of the radiosonde data to the quality of the forecast. They also show the
necessity to update the large-scale information upwind from the area of interest to maintain
forecast accuracy. This was done by adding to the radiosondes data either the ATOVS data
which require a complex radiative transfer model but offer global coverage, or the AMDAR
and ACARS observations for which the forward model is trivial (interpolation), but Whose
coverage especially in the Sourthern Hemisphere is not as extensive.

On the basis of these results, it is clearly possible with a simplified system where pa-
rameterizations have been reduced to a simple vertical diffusion in the boundary layer,
and periodic updating incorporates only two data sets, to obtain short range large-scale
forecasts of the same accuracy as those provided by a more complex system.
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Figure 1: Verifications against radiosondes over North America of 500 hPa winds.



500 mb
Height contours
it

and (d)

c) 12,

(

7

09

)

(b

?

(a) Feb. 06

Figure 2: Synoptic situation over North America for

15, 2001.

10



L2 00 hr

uu uv 752
10 — T T T T —T 752 10 e e — T T T T 752
. s .
20t : i 20f : 12
. 1238 .
30 . =1 1238 30 . -1 :gg:
. 1232 . 2,
50 : - 1232 50 : -1 :zg
. 237 .
70 : e 7ot : - 25
. 1249 . 1249
100 . 1 1249 100 . 1 1240
150} : 48 1sof ; - 5%
. 1288 . 1268
200 . -1 1268 200 : ~1 1268
. 1308 . 1308
250 : %8s 2501 . e
. 1361 . 1361
300 - . -1 1361 300 . - 1361
. 1413 . 1418
400+ . ~ 145 400 H =1 1415
500 : H%  soof : o s
N 1441 . 1441
700 H 1 1441 700 . =1 ta41
H 55 N 55
850 : % ssof : o e
. 957 N 957
925 : -1 957 925+ : = 957
1000 L. N P PP B :; ool o o 1Y (PR B m
-0.5 0.0 0.5 1.0 1.5 -05 0.0 0.5 1.0 1.5
GZ 864 TT 860
10 T T T T T T T T T T T T T T T T T T 864 10 T T T T T T T T T T T T T T T 860
: 1320 1322
20 B -1 1320 20 -1 1322
30} : H36 3o - e
. 1398 1387
S0 : = 1395 50 =1 1387
N 1421 1410
701 H = 1421 70 =1 410
100 : i 100} - i
150} H % 1s0f - 148
. 1481 1436
200+ . -1 1481 200 = 1438
. 65 55
250| : s 250} e
300 : % 300} e
. 1472 1467
400 : = 1472 4001 1 1487
. 1474 1467
500~ ' =1 1474 500 1 1467
N 1476 1469
700+ . 1 1478 700~ = 1489
N 273
850 : s Bsof 1773
925 : i e2sf < 507
703 55
10000 0 4, T o U MU NSO § ) 10000 4 . PR U U W RS :55
-0.5 0.0 0.5 1.0 1.5 -0.5 0.5 1.0 1.5

Figure 3: Operational model vs "no physics” model; average of 21 forecasts; verification
against radiosondes at Ohr over North America.
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Figure 13: Forecasts initialized from the operational data assimilation system vs those
initialized from an assimilation cycle using only the radiosondes; average of 21 forecasts;
verification against radiosondes at 12 hour over North America.
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Figure 14: Forecasts initialized from the operational data assimilation system vs those
initialized from an assimilation cycle using only the radiosondes; average of 21 forecasts;
verification against radiosondes at 24 hour over North America.
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Figure 15: Same as Fig. 14, but verification over Eastern North America.
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Figure 16: Same as Fig. 14, but verification over Western North America.
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Figure 17: Differences between operational analysis and analysis using only radiosonde data
of zonal wind at 250 hPa for Feb. 6 2001; contour interval=10 knots .
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Figure 18: Forecasts initialized from the operational data assimilation system vs those
initialized from an assimilation cycle using only radiosonde and ATOVS data; average of
21 forecasts; verification against radiosondes at 24 hour over North America.
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Figure 19: Forecasts initialized from the operational data assimilation system vs those
initialized from an assimilation cycle using only radiosonde, AMDAR, and ACARS data;
average of 21 forecasts; verification against radiosondes at 24 hour over North America.
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