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ABSTRACT

A global data assimilation system has been in operation at the Canadian Meteorological Centre (CMC) since
March 1991 when it replaced the previous hemispheric system. This paper describes the system and presents
an evaluation of its performance from several points of view, including the fit of the analyses and short-range
forecasts to observations, the relative roles of various components of the system, the functioning of some specific
subcomponents in a particular case, and the ability of the system to represent important aspects of the mean
monthly general circulation. This latter part of the evaluation includes comparisons with the corresponding
statistics derived from the analyses of the National Meteorological Center.

The global data assimilation system is found to be functioning well, especially in extratropical regions with
reasonable data coverage. Problems and weaknesses of the system are discussed.

1. Introduction

For many years, the Canadian data assimilation and
forecasting system considered only the Northern
Hemisphere by imposing an artificial wall at the equa-
tor. Due largely to its northern geographical position,
this approach seemed appropriate for Canadian needs.

In recent years, however, there has been increased
interest in such global atmospheric problems as climate
change, ozone depletion, and long-range dispersion of
pollution from Chernobyl. Furthermore, the steady
improvement in forecast skill, as various deficiencies
in forecast systems were addressed, increasingly led to
questions about the effect of the artificial equatorial
wall on midlatitude forecasts. The work of Lambert
and Merilees (1978), Somerville (1980), and Daley et
al. (1981) has shown that use of a hemispheric domain
results in the spurious excitation of transient external
large-scale Rossby modes, which are relatively fast
moving. These can negatively affect midlatitude fore-
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casts after as little as two days and only 24 h if artificial
analyses (i.e., not based on observations) are used in
the tropics. Moreover, experience at other centers,
where global data assimilation systems had been im-
plemented in conjunction with the First GARP (Global
Atmospheric Research Program) Global Experiment
(FGGE), clearly indicated that modern assimilation
techniques were sufficiently robust to cope with the
relative sparsity of conventional data in the Southern
Hemisphere without experiencing stability problems
(McPherson et al. 1979; Lorenc 1981; Lyne et al. 1982;
Hollingsworth et al. 1985).

Extension of the Canadian operational system to a
global domain was expected to result not only in a
more comprehensive and powerful system capable of
better representing the earth’s atmosphere, but also in
improved forecasts over Canada especially in the me-
dium range. In addition, consideration of the global
atmosphere would result in a closed system in the hor-
izontal without requiring artificial lateral boundary
conditions. It might be noted that the specification of
artificial boundary conditions to limit the domain un-
der consideration is a serious problem in many at-
mospheric modeling applications; for example, Kirk-
wood and Derome (1977) have considered the problem
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of the upper boundary condition, while Zhang et al.
(1986) discuss the problem of specifying lateral
boundary conditions in limited-area models.

For all these reasons it was decided to implement a
global data assimilation and forecast system at the Ca-
nadian Meteorological Centre (CMC) in place of the
previous hemispheric scheme. This major project in-
volved several teams working on various components
of the system. The present paper will focus on the data
assimilation component. In addition to describing the
global data assimilation system, we will attempt to
evaluate its performance from various points of view.
The evaluation will focus on the month of February
1991 when the global system, prior to its operational
implementation, was running in its final form in par-
allel with the previous hemispheric system. Results for
the summer of 1991 and for the winter of 1991/92
will also be discussed. Some performance statistics
compiled over the last ten years are presented, dem-
onstrating the progress achieved over the past decade.

The remainder of the paper is organized as follows.
Section 2 describes the global data assimilation system.
In section 3 various aspects of the system’s performance
are examined, for example, the fit of the analyses and
short-range forecasts to the observations is compared
to the corresponding statistics from the hemispheric
system. In section 4 the ability of the system to capture
important features of the general circulation is consid-
ered. A summary and concluding discussion are pre-
sented in section 5.

2. Description of the system

The global data assimilation system is based on the
former hemispheric system recently described by
Mitchell et al. (1990). Like its predecessor, it is an
intermittent data assimilation system that operates in
a 6-h cycle with a data cutoff time of approximately
6 h. One cycle consists of performing (a) a 6-h forecast
to produce a prior estimate (trial field), (b) an analysis
of the innovations (observed residuals, 1.e., differences
between the observations and the prior estimate inter-
polated to the observation locations), and (c¢) an ini-
tialization to eliminate spurious large-amplitude gravity
waves in the subsequent 6-h forecast. These compo-
nents and the way they are interconnected in the overall
system will now be described in more detail. In addi-
tion, the main differences between the global and
hemispheric systems will be noted in preparation for
the discussion of the results of section 3.

a. The forecast model

The global forecast model used to produce the 6-h
forecasts is based on the primitive equations expressed
in terms of the o (= pressure /surface pressure) vertical
coordinate. The model uses the spectral technique (tri-
angular 79-wave truncation, denoted T79) in the hor-
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izontal and linear finite elements ( variable spacing with
21 levels between ¢ = 1.0 and 0.01 arranged as in Fig.
1) in the vertical. The model employs a semi-implicit
semi-Lagrangian (30-min time step) time-integration
scheme. The original Eulerian model was described by
Staniforth and Daley (1977), a revised formulation
was presented by Béland and Beaudoin (1985), while
the present semi-Lagrangian version has been described
by Ritchie (1991). Coupled to the dynamical model
is a physical parameterization that includes a planetary
boundary layer based on turbulent kinetic energy and
a surface layer based on similarity theory, solar and
infrared radiation, large-scale precipitation, Manabe-
type moist convection, and gravity wave drag. The
physical parameterization is similar to that described
by Benoit et al. (1989) in the context of the Canaclian
Regional Finite-Element Model. Its adaptation to the
global spectral model is described by Girard et al.
(1991).

The previous hemispheric model was similar except
that it used a T89 truncation in the horizontal and
piecewise-constant finite elements (with 20 levels be-
tween o = 1.0 and 0.05) in the vertical. That model
had Eulerian advection but employed a stabilizing
horizontal diffusion to permit the use of a 20-min time
step. The physical parameterization was also similar
to that of the global model except that the planetary
boundary layer was based on K theory and a Kuo
scheme was used for moist convection.

b. The analysis

A generalized version of the multivariate split hor-
izontal-vertical statistical interpolation procedure de-
scribed by Rutherford (1976) and Mitchell et al. (1990)
is used to produce analyzed values on a 180 X 90 global
Gaussian grid. Horizontal wind components, height,
and temperature are analyzed at 15 isobaric levels be-
tween 1000 and 10 mb (indicated by the thin lines in
Fig. 1), and dewpoint depression at 6 isobaric levels
between 1000 and 300 mb. ( The previous hemispheric
system produced analyses at only 11 isobaric levels be-
tween 1000 and 50 mb.) We note that the analysis
levels of the global system, like those of its predecessor,
are mandatory levels for radiosonde data. All incoming
data are subjected to various quality control checks,
including a statistical interpolation check, in a prelim-
inary step.

As in the original algorithm, the analysis proceeds
point by point and distances continue to be calculated
in Cartesian coordinates. Two polar stereographic pro-
jections are now used, one for analyzing the points in
the Northern Hemisphere and the other for analyzing
the points in the Southern Hemisphere. When analyz-
ing points in the Northern Hemisphere all data to ap-
proximately 20°S are used, while for analyzing points
in the Southern Hemisphere all data to 20°N are used.
The choice of the 20° extension is motivated by the
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Fi1G. 1. The vertical structure of the model levels and analysis
levels in the presence of topography. The model uses o coordinates
with 21 levels, indicated by the heavy lines, distributed between ¢
= 1.0 and 0.01. The 15 isobaric analysis levels {at 10, 20, 30, 50, 70,
100, 150, 200, 250, 300, 400, 500, 700, 850, and 1000 mb) are in-
dicated by the thin lines.

2000-km search radius of the data selection algorithm.
In fact, analyzed values are calculated on a “reduced”
Gaussian grid having 20% fewer points than the full
180 X 90 global grid. This and other organizational
aspects of the algorithm are discussed in Mitchell et al.
(1988). Hortal and Simmons (1991) have recently
discussed using reduced Gaussian grids for the inte-
gration of spectral models.

The prediction and observation error statistics used
in the hemispheric procedure were derived by Mitchell
et al. (1990) in a study of the innovations obtained
from an earlier, T59 version of the hemispheric model.
Except for a change in the specification of the predic-
tion error (see below), these basic error estimates con-
tinue to be used up to 50 mb in the global procedure.
As the previously mentioned study did not extend
above 50 mb, error statistics at 30, 20, and 10 mb were
obtained by adjusting some initial extrapolated values
after a test. As discussed in the earlier study, error sta-
tistics in the hemispheric system were specified for any
given time of year by interpolation from sets of winter
and summer statistics for the three latitude bands: 0—
30°, 30°-60°, and 60°~90°. These same statistics are
now also used in the Southern Hemisphere for the ap-
propriate season and latitude. Clearly, it would be de-
sirable to reparameterize these basic error statistics on
the basis of innovations from the global system.

As discussed in Mitchell et al. (1990), the wind and
height prediction-error covariances are coupled via a
dimensionless geostrophic coupling coefficient u. Based
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on Lonnberg and Shaw (1987), we have specified u
for the global system as
+1,

for ¢ = 30°

sin(% 3§°> , for 30°>¢>—-30° (1)

-1, for —30°=¢

where ¢ is latitude in degrees. Thus, the wind and height
increments are coupled geostrophically poleward of
30°, and as |u| decreases, the wind analysis gradually
decouples from the height analysis to become bivariate
at the equator. There is no explicit attempt to analyze
divergence but, as discussed by Lorenc (1981), the
analysis system is able to analyze part of the divergent
flow on the synoptic scale. A better approach would
be to use a more general prediction-error covariance
model that explicitly includes divergence as proposed
by Daley (1985).

Despite expected variations in the accuracy of the
6-h forecast between data-dense and data-sparse re-
gions, the specification of prediction-error statistics in
the previous hemispheric system was independent of
longitude. Consequently, the same relative weight was
given to observations versus forecast at all points at a
given latitude. As the prediction-error statistics had
been calculated over North America, this resulted in
a prediction-error estimate that was more appropriate
for a data-dense region. Following McPherson et al.
(1979) and more particularly Lonnberg and Shaw
(1987), the prediction-error estimate in the global sys-
tem varies in time and space taking account of the
estimated analysis error of the previous analysis. This
is done by vertically averaging the estimated analysis
error in order to produce a horizontally varying factor
that is formulated to vary smoothly between 1 and 2.
This factor multiplies the basic estimate of the predic-
tion-error standard deviation, resulting in a more ap-
propriate assignment of weights to observations versus
6-h forecast in data-sparse regions.

As an example, the left (right ) panels of Fig. 2 show
the prediction-error factor used in (produced by) the
analysis at 1200 UTC 20 February 1991. The predic-
tion-error factor used in the 1200 UTC analysis was
produced 6 h earlier on the basis of the data available
at that time, while the prediction-error factor produced
by the 1200 UTC analysis is a function of the data
available at 1200 UTC. In the Northern Hemisphere
the largest values of the factor occur in the tropics, but
even over much of the continental extratropics the fac-
tor used at 1200 UTC takes values of 1.1-1.2 due to
the general unavailability of radiosonde data over these
areas at 0600 UTC. The greatly increased amount of
radiosonde data at 1200 UTC reduces the factor pro-
duced at 1200 UTC to less than 1.1 over much of the
Northern Hemisphere extratropics. In the Southern
Hemisphere the factor assumes larger values, as ex-
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F1G. 2. Horizontally varying multiplicative factor for the prediction error in the Northern and Southern hemispheres
at 0600 UTC (left-hand panels) and 1200 UTC (right-hand panels) on 20 February 1991.

pected. Note the effect of swaths of satellite temperature
(SATEM) data in reducing the factor off the east coast
of South America and, at 0600 UTC, about longitude
135°W.

Another difference between the global and hemi-
spheric systems relates to the use of SATEM data. In
the previous hemispheric system, complete SATEM
soundings were used over oceans but not over land. In
the global system a further use is made of this data
source: over land, SATEM data are used above 100
mb, following Lonnberg and Shaw (1987). This ne-

cessitated changes to the data selection procedure to
ensure that sufficient priority continues to be given to
radiosonde reports. Recent experiments by Chouinard
et al. (1991) have shown that the inclusion of SATEM
data in the CMC data assimilation system can have a '
negative impact over North America. These results are
consistent with those obtained by Andersson ¢t al.
(1991) in a recent comprehensive study on the impact
of SATEM data in the European Centre for Medium-
Range Weather Forecasts (ECMWF) data assimilation
system.
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FiG. 3. Flowchart of the procedures for the vertical interpolation of full fields and increments. Both
procedures follow the steps indicated by solid lines; the difference is that, while the vertical interpolation of
full fields follows the dotted lines, the vertical interpolation of increments follows the dashed lines. Fields
appearing in the top row are on ¢ surfaces, while those in the bottom row are on p surfaces.

¢. The initialization

Three iterations of the nonlinear normal-mode ini-
tialization (NNMI) procedure of Machenhauer (1977)
are performed, initializing the first three vertical modes.
Modes with periods longer than 24 h are not initialized.
The initialization is adiabatic. The tidal component of
the atmospheric circulation is presumably mishandled
since no provision is made to exclude it from the ini-
tialization procedure (Wergen 1989).

The initialization in the previous hemispheric system
was also based on Machenhauer’s procedure, but the
frequency cutoff was specified differently and an at-
tempt was made to include diabatic effects.

d. Vertical interpolation of increments and other
changes to the system

In the previous hemispheric system the isobaric
analyses were vertically interpolated to the model’s o
coordinate during each analysis cycle. McPherson et
al. (1979) and Hollingsworth et al. (1985) have pointed
out the advantages of eliminating this interpolation of
full fields: (i) avoiding changing the 6-h forecast (the
prior estimate) in the absence of data, and (ii) retaining
features of the 6-h forecast that would be destroyed by
the interpolation. The boundary-layer structure is par-
ticularly vulnerable because, while the model has five
levels below ¢ = 0.85, the 1000-mb level is the only
mandatory isobaric level below 850 mb.'! For these

! In the autumn of 1991, 925 mb became an additional mandatory
level by international convention. This additional data level was not
incorporated into the CMC assimilation system until after the period
under study here.

reasons a vertical interpolation of increments procedure
(see Fig. 3) has been incorporated into the global sys-
tem. The formulation, which is similar to that of
Lonnberg and Shaw (1987), consists of (i) determining
the surface pressure increments from the height incre-
ments on isobaric surfaces and the 6-h virtual temper-
ature forecast at 2 m, and (ii) interpolating mass, wind,
and moisture increments from pressure to ¢ surfaces.
Unlike the formulation of Lonnberg and Shaw, we use
analyzed increments of both height and temperature
in interpolating to obtain height on ¢ surfaces. We have
found this advantageous given the low vertical reso-
lution of the analysis relative to that of the model in
the troposphere.

One other important difference between the global
system and its predecessor is that the hemispheric sys-
tem contained various ad hoc procedures (such as a
weak adjustment towards equatorial climatology, and
a schemeé to limit wind speed in the equatorial strato-
sphere) to control the flow near the artificial equato-
rial wall. These have all been eliminated in the global
system.

3. Overall performance diagnostics and examination
of a particular case

a. Fit of the analyses and 6-h forecasts to the
observations

One extremely useful measure of data assimilation
system performance (see, e.g., Hollingsworth et al.
1986) is the magnitude of the difference between the
observations (O) and the 6-h forecast (F), the analysis
(A) and the initialized analysis (/), each of the latter
interpolated to the observation locations. In this section
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FIG. 4. (a) Vertical profiles of the standard deviation of O — F for total (vector) wind (m s™') for the winter of 1991/92 at North
American radiosonde stations for each of three overlapping latitude bands: 25°-45° (denoted SOUTH), 30°-60° (denoted MID), and 45°-

90° (denoted NORTH). (b) As in (a) but for height (m).

we examine O — F, O — A, and O — I for radiosonde
observations.

Figure 13 of Mitchell et al. (1990) displayed vertical
profiles of standard deviations of O — F for both total
(vector) wind and height at North American radio-
sonde stations for the winter of 1987/88 for three
overlapping latitude bands: 25°-45°, 30°-60°, and
45°-90°. The corresponding vertical profiles from the
global system for the winter season (15 December
1991-15 March 1992) are shown in Figs. 4a and 4b.
These have been calculated for exactly the same time
of year and in exactly the same way: in particular, the
mean of the innovations (i.e., observed residuals) was
removed separately for each station and only those sta-
tions having reported at least 100 times during the 3-
month season are retained in the calculations. As in
the previous study, above 400 mb the magnitude of
the wind errors in Fig. 4a increases equatorward; how-
ever, the variation is not nearly as large as was the case
previously. We note that, over the four years since
1987/ 88, there has been a substantial decrease in both
wind and height errors especially in the middle and
southern latitude bands. The decrease in the wind error
above 400 mb is particularly large. For example, in the
30°-60° latitude band the decrease in wind error ap-
proaches 1 m s™! below 200 mb and exceeds that value
above, while the decrease in height error is close to 5
m in the troposphere and more above.

Figure 5 shows the corresponding errors for the
summer period (1 June-31 August 1991). Comparison
of the wind errors with those for the summer of 1988
in Fig. 14 of Mitchell et al. (1990) reveals improve-
ments similar to those for the winter season but smaller
in magnitude. Above 200 mb the latitudinal variation
is small although the magnitude of the wind errors still

increases equatorward. The height errors, shown in Fig.
5b, exhibit little latitudinal variation. Thus, in both
winter and summer, the smaller wind errors in the
middle and southern latitude bands in the upper levels
have resulted in a very significant reduction in the lat-
itudinal variation found in the earlier study. In addi-
tion, throughout the troposphere there has been a sig-
nificant reduction in the magnitude of the errors over
the 3-4-yr period. This point is discussed further in
section 3d.

Figure 6 shows vertical profiles of O — 4 and O
— F rms differences and biases of u, v, and z for North
American radiosonde observations from 30° to 60°N
and 60° to 130°W. (Note that this is the true rms in
the sense that the bias has not been removed.) These
are presented for both the global and hemispheric data
assimilation cycles for the month of February 1991
when both systems were executing in parallel. Com-
paring first the rms differences of O — A4, it can be seen
that below 200 mb the global analyses consistently fit
the radiosonde observations more closely than do the
hemispheric analyses. We ascribe this to the factor
multiplying the prediction error, which for the 0000
and 1200 UTC analyses takes values of 1.1-1.2 over
North America due to the lack of radiosonde obser-
vations at 0600 and 1800 UTC (see Fig. 2 and related
discussion in section 2b). Since the observation error
is fixed, the net impact is to give more weight to the
observations, that is, a closer fit to the data. The rms
differences of O — F show a corresponding reduction
in the error of the global 6-h forecasts. This may be
due to improved analyses or to improvements in the
forecast model but it is a clear indication of an overall
improvement in the data assimilation system. At 200
mb and above we note larger 6-h forecast errors, that
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FIG. 5. (a) Vertical profiles of the standard deviation of O — F for total (vector) wind (m s~!) for the summer of 1991 at North American
radiosonde stations for each of the three overlapping latitude bands considered in Fig. 4. (b) As in (a) but for height (m).

is, O — F, in the global system. These changes are
relatively small compared to the large improvements
over the past 3-4 years just discussed. They indicate,
however, that the performance of the global system in
the lower stratosphere could be improved.

In Fig. 7 we focus on the global data assimilation
system showing the February 1991 vertical profiles of
O — A4, 0 — F,and O — I (observed minus initialized
analysis) rms differences and biases for u, v, and z for
the Northern Hemisphere extratropics. The vertical
rms profiles are seen to be similar to those in Fig. 19
of Mitchell et al. (1990), which were obtained from
the hemispheric system for a 1-week period in early
December 1987. The biases are generally small, al-
though we see that the 6-h height forecast is persistently
too low (O — F positive everywhere).

The corresponding vertical profiles for the Northern
Hemisphere tropics are shown in Fig. 8 which, in com-
parison with Fig. 7, reveals generally larger values of
O — F for the winds and much larger biases. In addi-
tion, the vertical rms profiles (especially of height) show
the much larger impact of the initialization in the trop-
ics as compared to the extratropics. Hollingsworth et
al. (1986) obtained similar results and, in view of the
significantly smaller climatological variability in the
tropics versus the extratropics, have discussed their
implications for relative forecast skill. The impact of
the initialization in the tropics will be discussed further
in the following section.

b. Comparative effect of the forecast, analysis, and
initialization

The relative magnitudes of the time-averaged incre-
ments due to the three components of an intermittent

data assimilation system—forecast (denoted AF),
analysis (AA), and initialization (Al)—have been
compared by Hollingsworth et al. (1986). Using maps
of the 500-mb rms height increments, they showed that
in extratropical regions with reasonable data coverage,
these increments satisfied

AF > A4 > Al (2)

as expected, although this was not the case in all other
regions.

Here AF, AA, and Al are compared at 1200 UTC
for the Canadian data assimilation system in a some-
what different way. We define AF as the incremental
change due to the forecast (i.e., the 6-h forecast valid
at 1200 UTC minus the initialized field 6 h previously),
A A as the incremental change due to the analysis step,
and A[ as the incremental change due to the initial-
ization step. Figures 9 and 10 display the zonally av-
eraged mean and rms of AF, A4, and Al for height
during the third week of February 1991. Figure 9 shows
rather small mean initialization increments but rather
large mean increments due to forecast and analysis
having opposite signs and extending from the equator
well into the midlatitudes of each hemisphere. Over
this large region the forecast is lowering heights and
the analysis is raising them, consistent with the positive
O — F (observation minus forecast) height biases of
Figs. 7 and 8. Turning to the rms increments in Fig.
10, we see that in both hemispheres these are domi-
nated by the forecast increments, which exhibit intense
midlatitude maxima at the level of the tropospheric
jet. The forecast increments in Hollingsworth et al.
(1986) also exhibit maxima in midlatitudes associated
with the main storm tracks. In general, the rms height
increments in the extratropics satisfy (2). It can be
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FiG. 6. Vertical profiles of (total) rms differences and biases of O — A4 (denoted 4) and O
— F (denoted F) for North American radiosonde observations from 30° to 60°N and 60° to
130°W during February 1991. Solid curves are from the global data assimilation cycle and dashed
curves are from the hemispheric assimilation cycle. For each level, N indicates the average number
of such observations over this region per main synoptic hour.

seen that the analysis increments in the Northern and Al are quite comparable in that region. We have
Hemisphere tend to be larger than in the Southern already seen evidence of the large impact of the ini-
Hemisphere. This is presumably due to the larger tialization in the tropics in Fig. 8.

quantity of data there. An examination of the rms The corresponding wind increments have been ex-
height increments in the tropics indicates that AF, A4, amined in a similar way. Here we focus on the rerid-
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FIG. 7. Vertical profiles of (total) rms differences and biases of O — 4 (denoted A4), O — I
(denoted 1), and O — F (denoted F) for radiosonde (and pilot balloon) observations from 30°
to 90°N for the global assimilation cycle during February 1991. For each level, N indicates the
average number of such observations over this region per main synoptic hour.

ional wind component. To better show the change to
the mean meridional circulation, the mean meridional
increments have been used to calculate the corre-
sponding mass streamfunctions (Lorenz 1967) shown
in Fig. 11. The circulation depicted is parallel to the
isolines of mass streamfunction and proportional to

their gradient. Looking first at the mass streamfunction
increment due to the initialization (bottom panel), it
can be seen that essentially this consists of two large
cells: a dominant clockwise cell that straddles the
equator extending well into the Northern Hemisphere
and a counterclockwise cell in the Southern Hemi-
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FIG. 8. As in Fig. 7 but for 0°~30°N. Note that N is substantially larger for  and v than for z
due to the significant number of pilot balloons in this latitude band and the fact that not all

radiosonde heights are used in these latitudes.

sphere. This circulation directly opposes the Hadley
circulation, evidence of which can be seen in the fore-
cast, and to a lesser extent in the analysis, mass stream-
function increments. The interplay between the fore-
cast and analysis increments is not entirely clear as
regards the Hadley circulation, but it appears that the
initialization is trying to destroy the Hadley circulation

that the other two components of the data assimilation
system are attempting to establish. Since the study of
Bengtsson (1981), this is a known deficiency of adi-
abatic NNMI schemes, the causes of which are now
well understood (Heckley et al. 1990; Krishnamurti et
al. 1991; Kasahara et al. 1992; Puri and Davidson
1992). The results in these papers indicate that physical
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F1G. 9. The time and zonally averaged height increments (m) due
to forecast (top), analysis (middle), and initialization (bottom) at
1200 UTC during the third week of February. The zero contour is
suppressed and contours appear at 2.5, £5.0, £7.5, . ... Negative
contours are dashed.

initialization substantially reduces model spinup in the
tropics, although the problem of determining an ap-
propriate balance condition for the tropics is still un-
resolved (Errico and Rasch 1988). Despite these prob-
lems with the adiabatic initialization, Fig. 12 shows
that the rms meridional wind increments satisfy (2)
very consistently.
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c. Impact of the vertical interpolation of increments
procedure in a particular case

At 1200 UTC 20 February 1991, a frontal system
was traversing the east coast of North America. The
global assimilation system analyzed a strong low-level
jet in the warm sector, as indicated in Fig. 13a by the
30 m s~! winds at 850 mb just south of Nova Scotia
and in Fig. 13b, the vertical cross section of the wind
speed along 60°W (baseline indicated in Fig. 13a). As
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F1G. 10. As in Fig. 9 but for the rms height increments
(m). Contour interval is 5.
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FIG. 11. The time-averaged changes to the meridional circulation
due to forecast (top), analysis (middle), and initialization ( bottom)
at 1200 UTC for the third week of February. Positive (negative)
contours are solid (dashed ) and represent a counterclockwise ( clock-
wise) circulation. The unit for mass streamfunction is 10'> gs™'.
Contour interval is 10.

shown by the solid isotachs in the vertical cross section,
the low-level jet analyzed by the global system extended
well below 850 mb. As discussed in section 2d, we sus-
pected that it was the vertical interpolation of incre-
ments procedure that enabled the global system to an-
alyze such a feature in the 1000~-850-mb layer. To test
this hypothesis, the global analysis was redone using

MONTHLY WEATHER REVIEW

VOLUME 121

vertical interpolation of full fields, instead of vertical
interpolation of increments. The isotachs from the re-
sulting analysis appear as the dashed lines in Fig. 13b.
The latter indicate significantly weaker wind speeds
and wind shear below 850 mb in the region around
the jet core. The superiority of the analysis produced
using the vertical interpolation of increments procedure
can be verified by examining Table 1, which gives the
winds observed at Sable Island (43.93°N, 60.02°W).
Figure 13c shows the 6-h forecast on ¢ levels (the prior
estimate) valid at this same time superimposed on the
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FIG. 12. As in Fig. 10 but for the rms meridional wind
(cm s7') increments, Contour interval is 10.
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analysis produced using the vertical interpolation of
increments procedure. It can be seen that to a large
extent the low-level wind structure was well forecast
by the model, but this was evidently destroyed in in-
terpolating the prior estimate from the 21 o surfaces
to the 15 mandatory pressure surfaces.

d. Evolution of the perceived short-range forecast
error over the past decade

We now consider the longer-term evolution of the
standard deviation of O — F, calculated as before by
verifying the short-range forecasts used in the Canadian
data assimilation system against radiosonde data. The
three curves in each of Figs. 14a and 14b are vertical

1479

FIG. 13. (a) Analyses of temperature (solid contours) and wind
at 850 mb valid at 1200 UTC 20 February 1991. Conventional units
are used, that is, the temperatures are given in degrees Celsius (contour
interval 5°C), the winds are in knots (1 kt =~ 0.514 ms™"). The
winds are plotted as follows: a half-barb is 5 kt, a full barb is 10 kt,
and a solid flag is 50 kt. The heavy solid line is the baseline for the
cross section in (b), lower left panel, and (c), lower right panel. The
® indicates the position of Sable Island. (b) Vertical cross section
along 60°W from analyses valid at 1200 UTC 20 February 1991.
The solid lines are isotachs (m s~') from the analyses produced with
the vertical interpolation of increments procedure, whereas the iso-
tachs indicated by dashed lines are from the analyses produced using
vertical interpolation of full fields. The vertical cross section is shown
directly in the model coordinates. (c) As in (b) but the dashed lines
are the prior estimate (6-h forecast) used to produce the analyses.
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profiles of the error over North America from 30° to
60° during winter at 5-yr intervals spanning the past
decade. All of these have been calculated for the same
time of year (i.e., the 3-month period from 15 Decem-
ber to 15 March) and in exactly the same way as pre-
viously mentioned for Fig. 4.

It can be seen that over the past decade there has
been a substantial and steady decrease in the error.
This improvement is similar to that reported by other
centers [ see, e.g., Hollingsworth and Lonnberg (1990)
and Kalnay et al. (1990)]. In view of the key role played
by radiosonde observations and the fact that there has
been little change in the number and accuracy of such
observations over the period, we ascribe the reduced
errors of Fig. 14 to improvements in the various com-

8QDXWKHQWLFDWHG _

'RZQORDGHG










































