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ABSTRACT
The purposevof this paper is to demonstrate the ability of a modern data
assimilation system to provide long-term diagnostic facilities to monitor the
performance of the obsefvational network. Operational data assimilation
systems use short range forecasts to provide the background, or first-guess,
field for the analysis. We make a detailed study of the apparent or
perceived error of these forecasts when they are verified against
radiosondes. Assuming that the observational error of the radiosondes is
horizontally uncorrelated, the perceived forecast error can be partitioned
into prediction error, which is horizontally éorrelated, and observation
error, which is not. The caléulations show that in areas where there is

adequate radiosonde coverage, the prediction error is comparable with the

observation error.

This statement is discussed from a number of viewpoints. We demonstrate in
the Northern Hemisphere mid-latitudes for example, that the forecasts account
for most of the evolution of the atmospheric state from one analysis to the
next, so that the analysis algorithm needs to make‘only a small correction to
an accurate first—guess field. If the doubling time for small errors is two

days, then analysis error will amplify by less than 10% in 6 hours.

This being the case, the statistics of the forecast/observation differences

have a simple statistical structure. ZLarge variations of the statistics from
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station to station, or large biases, are indicative of problems in the data
or in the assimilation system. Case studies demonstrate the ability of
simple statistical tools to identify systematically erroneous radiosonde wind
data in data sparse as well as in data rich areas, errors which would have
been difficult to detect in any other way. The staﬁistical tools are equally

effective in diagnosing the performance of the assimilation system.

The results suggest that it is possible to provide regular feed-back on the
quality of observations of winds and heights to the ope;ators of radiosonde
networks, and other observational systems. This capability has become
available over the last decade through improvements in the techniques of

numerical weather analysis and prediction.
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1. INTRODUCTION

The purpose of this paper is to demonstrate the ability of a modern data
aséimilation system to provide long-term diagnostic facilities to monitor the
performance of the observational network. Operational data assimilation
systems use short range forecasts to provide the background, or first-quess,
field for the analysis. Recent studies (Hollingsworth and Lénnberg 1985,
Ldnnberg and Hollingsworth 1985 - hereafter called I and II) have shown that
over North Bmerica the 6 to 12 hour forecasts used as a background for the
operational analyses-at ECMWF have an accuracy comparable to that of the
radiosonde observations. In this paper we extend the earlier calculations to
Furope and the Tropics using data from a more recent period. The relative

accuracy of the forecasts can provide the basis of a monitoring capability.

The plan of the paper is as follows. Following a brief outline of the
assimilation system in Section 2, Section 3 provides an introductory overview
of a variety of statistics concerning the differences between the
observations and the three gridded fields produced by the assimilation
system, namely the forecast, analysis.and initialised analysis fields. The
main aim of the section is to show that the assimilation works in a
reasonable way by verifying all three fields against observations, and
comparing the verification statistics. We also show that the differences
between observations and fields are approximately Gaussian at any point, and
that in mid-latitudes the magnitudes of these differences are considerably
smaller than the climatological variability. By contrast the tropics are
data sparse, and the perceived forecast errors are not as small relative to

the climatological variability.
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Section 4 uses the methods described in papers I and II to partition the
perceived forecast errors over Eurqpe, the Tropics,.and North America into
prediction error and observation error (which includes both instrumental
errors and errors of unrepresentativeness, sometimes called sampling errors).
For Europe and North America the calculations are in agreement on the fact
that observational and short-~range forecast error for heights and winds are
comparable. Even in the Tropics this statement is true for the height field
at most levels and for the wind field in the lower and middle troposphere.
Since this statement has not been made before it is discussed from a variety

of viewpoints in order to check that it is reasonable.

The results of section 4 are supported by the discussion in Section 5 where
it is shown that if F, A, I are measures of the changes (increments) made by
the Forecast, Analysis, and Initialisation steps of the assimilation, then
F>A>I in Northern Hemisphere mid-latitudes. This would be impossible if the
forecasts were substantially less accurate than the~obsérvations, assuming of
course that the analysis is reasonably faithful to the obsérvations. The
forecast model describes most of the evolution of the atmosphere from one
synoptic hour to the next; the analysis needs to make only small changes to

an accurate background field.

A data assimilation system combines current observational iﬁformation with
earlier observational information coming from.the first—guess. It is
therefore reasonable to suppose that in areas with even moderate data
coverage the accuracy of the analysis should be comparable with the accuracy
of the observations. The doubling time for small analysis errors in

mid-latitudes is generally estimated to be about 2 days, although it may be
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as short as 1.5 days for the shortest baroclinié scales (Arpe et al.. 1985).
A 2 day doubling time implies a growth rate of 9.05% per six hours. Even
with pessimistic assumptions about the model performance, it is unlikely that
the forecast error would grow to, say, twice the analysis error in twelve

hours.

The general accuracy of the forecasts provides a new set of tools to monitor
the performance of both the Global Observing System (GOS) and the
assimilafion system. These tools are demonstrated in Sections 6‘and 7, where
case studies use the statistics of the perceived forecast errors to identify
systematically erroneous observations, and indeed systematically erroneous
aspects of the assimilation system. Section 6 deals with wind observations
while Section 7 discusses pressure observations. Although the examples
mainly concern radiosonde data and Synop data, thé methods are applicable to
all kinds of data (Delsol 1985). The examples suggest that it is possible to
provide useful information on instrumental performance to the data producers

on a regular basis, as discussed in section 8.

Comparison with earlier studies of system performance suggest that this
capability has become available through improvements in the techniques of

numerical weather analysis and prediction over the last decade.

2. THE ASSIMILATION SYSTEM

The ECMWF assimilation system is an intermittent insertion system consisting
of three main steps: analysis, initialisation and forecast to provide the

next first-guess field. The analysis system is described by Lorenc(1981) and
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is an application of the optimal interpolation technique discussed by
Gandin (1963), Rutherford (1972), Schlatter (1975) and Bergman (1979).
Similar methods are used in several operational centres (Gustavsson, 1981).
The distinctive feature of the ECMWF.implementation is that the analysis is
performed for a large number of grid-points and variables simultaneously,
which requires the selection of a large quantity of data for each analysis
volume. The demands on computer power are correspondingly large; a typical
analysis requires the inversion of several thousand matrices with orders

between 100 and 200.

The initialisation scheme is an application of the non-linear normal mode
scheme proposed by Machenhauer (1977), and described by Temperton and
Williamson (1981) and Williamson and Temperton (1981), and modified to

include diabatic effects by Wergen (1982, pers.comm. ).

The model used to produce the 6-hour forecast is the operational ECMWF
forecast model. ﬁp to mid-April 1983 this was a fihite difference model
(Burridge and Haseler, 1977), and since then it has been a spectral model as
described by Simmons and Jarraud (1984). The physical parameterisation

package has been described by Tiedtke et al. (1979).

The ECMWF assimilation system has been used to produce global IIIb analyses
for the FGGE year (Bjorheim et al. 1982, Bengtsson et al. 1982). The
response of this and other assimilation systems to the FGGE IIIb data has

been compared in Hollingsworth et al. (1985) and Arpe et al. (1985).
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3. STATISTICS OF THE PERCEIVED FORECAST ERROR

The goals of this section are (i) to show that the assimilation works in a
reasonable way, by verifying the forecast, analysis, and initialised analysis
fields against observations and compéring the verifications, (ii)} to indicate
the value of these data in quality control studies, (iii) to show that the
statistics of the observation minus field differences are approximately
Gaussian at any point and (iv) to show that in mid-latitudes the magnitudes
of these differences are considerably smaller than the climatological
variability. By contrast the tropics are data sparse, and the perceived
forecast error§ are not as small compared to the climatological variability.

Finally, the problems of estimating instrumental and model bias are also

touched on.

Two sets of observational data are used in this section, the unscreened set,
and a subset called the screened set. The unscreened set consists of all
data which was presented to the analysis. This data has passed
telecommunications checks on the integrity of thé message, as well as simple
checks on the departure of the reported values from climatology, but it has
not been screened by the analysis check. The histograms of this data are
discussed in 3.2. The screened subset consists of all data which were
accepted as correct or probably correct by the analysis system (Lorenc 1981).
The screened data is used in the verification of the data assimilation fields

in 3.1.

We verify the first-guess, analysed and initialised fields against 12Z
radiosonde observations in January-March 1984 for three regions: North
America (30-60°N, 50-140°W), Europe(35-65°N, 12W-25°E) and the Tropics

(20°S-20°N). Only screened observational data were used in the
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verifications, and only stations that reported frequently enough (minimum of
40 reports in the Tropics and 60 reports elsewhere) were used. Certain
tropical networks have very noisy height reports but good quality wind
reports; such networks have been excluded from the present calculations. : The
North American, European and Tropical regions cover 4.5%, 1.7% and 34.2% of
the area of the globe. The number of 127 radiosonde reports at 200 mb were
6847, 6046 and 4066 respectively, from 83, 72 and 47 stations. We shall -
refer to the observation-forecast, observation-analysis and
observation-initialised analysis statistics as the O-F, 0O-A and O-I

statistics respectively.

3.1 The fit to observations of the assimilation fields

(a) Overview of the Assimilation Cycle

Figs. 1 and 2 show the verifications of the screened v¥compdnent‘and height
data against each of the three gridded fields, for the three areas mentioned
above. The first-qguess is furthest from the obserﬁatioﬂal'data, thé‘éhaIYSed
field is closest to it, while thevinitialised field is intermediate between
the other two. The fit of the uninitialised and initialised analyééé to the
observations is very similar in mid-latitudes. This indiéates that the
uninitialised analysis is sufficiently well baianced‘that most of the
observational information is communicated to the slow modes of the forecast
model. This is important in ensuring an accuraté first gﬁess'for the next:

analysis.
In the Tropics on the other hand, the analysis changeS'toythe wind field

survive the initialisation procedure mich more readily than the‘height

information, which is largely lost during'the‘initialisation procedure. This
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effect comes mainly from changes in surface pressure, rather than changes in
thickness, because the largest effect of the initialisation occurs in the

external mode.

The mean effect of the initialisation on the meridional component of the wind
in the upper Tropical troposphere is to reinstate a bias which occurs in the
first—gueés and is largely.corrected by the analysis. This feature is
possibly sensitive to the number of modes used in the initiélisation
(Hoilingsworth and Cats 1980), although the‘current initialisation differs
from the 1980 version through the incorporation of a sﬁoothed representation

of the model's diabatic forcing (Wergen 1982, pers.comm.)

(b) The wind forecasts over North America and Europe

The mid—latitudg first-quess wind fields Fig. 1(a,b) are furthest from the
observations at the jet level, with the perceived forecast error being about
5 m/s rms per component. In mid-latitudes the winter rms climatological
variability for v increases the surfaqe value of 5 m/s to about 15 m/s at jet
level and then decreases again in the stratosphere. (Oort 1983,

Figs. B44-pA7 for December to February). The rms O-F differences for wind
show the same patterﬁ of variation with height. The perceived forecast error
of the short range wind forecast is about one third the climatological
variability at the level of maximum error in the troposphere; however the
perceived forecast error has a substantial component arising from the

observational error.

As demanded by the theory of optimal interpolation, the analyses fit the
observations to within the specified observation error, but do not fit the

observations exactly. To do so would be unreasonable since the analysis is
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Fig.1 Root mean square (left) and bias (right) statistics on the fit of the
gridded assimilation fields to screened rawinsonde reports of the
northward ( v ) component of the wind over North America (top), Europe
(centre) and the Tropics ( bottom). The fit of the first-guess,
analysis and initialised analysis is indicated by the solid, dashed and
dotted lines respectively. For the bias, the result shown is for
observation minus field.
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seeking to combine the observational data and the forecast data to produce an
estimate that is more accurate than either on its own. If one supposed, for
the sake of diécussion, that the analyses were error free, then O0-A would
represent an estimate of the observational error. Because of correlation
between the observation error and the analysis error, the O-A differences

probably underestimate the observation error.

(c) The height forecasts over North America and FEurope

The first-guess height differs from the observed height by about 28 m rms at
200 mb over North America and by about 34 m over Europe, Fig. 2(a,b). As
will be shown later this is mainly because the European network is noisier.
Both the American and European O-F rms height differences have substantial
contributions from bias effects which will be discussed Section 3.4. The

biases mainly affect the stratospheric values.

The rms O-F height values increase monotonically with height. Oort's data

indicates that the climatological standard deviation for daily variations in
these latitudes is about 75 m at the surface increasing to about 150 m at the
tropopause; there is then a decrease to about 125 m ;t 100 mb with a further

increase higher in the stratosphere. Thus the tropospheric values for the

perceived forecast errors show substantial skill relative to climatology.

(d) The Wind Forecasts over the Tropics

Fig. 1(c) shows the plots of the rms O-F, O-A, O0-I differences for the
tropical wind field between 20°N and 2ﬁ°S. The perceivea forecast errors per
component increase from about 3 m/s at the surface to about 6.5 m/s in the
upper troposphere. Oort's estimates of the climatological variability are

also about 3 m/s at the surface and about 7 m/s in the upper troposphere.
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The difference between the rms O-F values and the rms climatological values
is small. This does not mean that the forecasts are useless, because the O-F

differences contain an important contribution from observational error.

At and below 300 mb the rms O-F values for the v-component in the Tropics are
no larger than over Europe or North America. The large differences in the
climatological variabilities of the two regions implies that the mid-latitude
forecasts are mich more skilful. This may be due to many factors, not least
of which must be the differences in data density. Although other types of
data beside rawinsondes are received from the Tropics, notably Cloud Track
Vectors and satellite thicknesses, their information content for the wind
field is limited compared to the radiosondes, as they sample the wind field

at only two levels, or not at all.

(e) The height forecast over the Tropics

Oort's figures for the variability of daily variations in the tropics
indicate values of about 15 m near the surface, increasing slowly to about
40 m at 200 mb, and then more rapidly to about 70 m at 50 mb. The results in

Fig. 2(c) show very similar values for the O-F differences.

The.fact that the O-F values for the Tropical heights are so close to the
climatological values is of no less concern than for the Tropical winds.
Although height data is sometimes said not to be of importance for tropical
analysis, there are theoretical grounds for the opposite view, particularly
on the larger scales. As discussed by Cats and Wergen. (1982), it is very
important that observational data be correctly partitioned between Rossby
modes and Kelvin modes in the tropics. To make the correct discrimination it

is necessary to have an accurate estimate of the height field, because both
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wind components are nearly geostrophic for the Rossby modes, while only the

zonal component is nearly geostrophic for the Kelvin modes.

Up to 150 mb the bias in the geopotential associated with the O-F differences
is consistent with the known tendency of the model to cool in the tropics.
The rapid variations in the geopotential bias near 70 mb arise from the
problem of intefpolating a sufficiently accurate 70 mb height from
geopotentials on the model's intermediate coordinate levels at about 50 and

100 mb, in a region where the tropopause is a very sharp feature.

Using the screenedbdata, the perceived forecast errors in both height and
wind are much lower than the cliﬁatological variability in mid-latitudes than
in the tropics. Forecasting for the Tropics is difficult both because of the
scarcity of data and because of the difficulties of model formulation.
Heckley (1985) and Kanamitsu (1985) show that there are substantial mean
forecast errors in the Tropics, probably due to problems in the formulation
of the physical parameterisations. As shown in Section 4, the large O-F
differences for the screened tropical data occurs mainly because of model
problems. Yet there may be a contribution from inadequate quality control on
accepted data, as quality control is necessarily less reliable in data sparse

areas.

3.2 Unscreened histograms of perceived forecast errors

We now consider some statistics of the unscreened data. As noted above this
data has been subject to telecommunications, decoding, and climatological
checks. It has not been subjected to the multivariate check against the

other data and the first guess which is a feature of the ECMWF system (Lorenc
1981). The O-F differences may be larger for the unscfeened data than for the
screened data, for obvious reasons.
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Provided all the stages between the taking of a measurement and its
presentation to the analysis system are correctly executed, one should expect
the differences between the measurement and the forecast to have a Gaussian
distribution. Departures of the histograms of the unscreened‘data from a
Gaussian shape have been useful in identifying errors in our own procedures
as data users, and occasional errors in the working practices of data
producers. Examples include previously undetected errors in coding or
decoding procedures. Thus studies of the unscreened data, as presénted to

the analysis, can be as valuable as studies of the screened data.

(a) Unscreened histograms of perceived wind forecast errors

Fig. 3 shows histograms of the unscreened 200 mb u component O-F differences
for North BRmerica, Europe and the Tropics for the three month period. All
three histogréms are roughly Gaussian in shape and all show small biases on
average. The fact that the bias averaged over all stations is small does not
imply that all stations have small biases. The compact mid-latitude
histograms with low standard deviations indicate that there are few problems

with radiosonde wind reports from North America and Europe.

There are large differences in the spread of the histograms between
mid-latitudes and the Tropics; the standard deviations of the distributions
are 4.7 and 4.2 m/s in North America and Europe but 6.7 m/s in the Tropics.

Much of this difference is due to lower forecast skill in the Tropics.

(b) Unscreened histograms of perceived height forecast errors

Fig. 4 shows histograms of the unscreened O-F differences for the 200 mb
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height field over North America, Europe and the Tropics for the same period
as Fig. 3. The North American histogram is compact, with very short tails.
This indicates that there are few quality control problems with the North
American height data. By contrast, the European histogram is broader
(standard deviation 32.1 m, cf 22.6 m) and the tails are longer, with many
more occurrences of deviations in excess of 50 m. The short range forecast
quality is as good over Europe as it is over North America, if the
verifications are made against the analyses or by the methods of secﬁion 4.
This suggests that thé Européan network is néisier than the Americén'network,

possibly in part because of the variety of sonde types used in Europe.

The difference between the North American and European standard deviations
may not seem large at first glance. The proper way to comparé them is to
calculate the square root of the difference of the squares. This calculation
indicates that the difference in the noise level between the two networks has
itself a standard de&iation of 22.8 m. In effect, the European network has a
noise level which is higher than the American noise level by an amount

equivalent to the forecast errors over North America.

Fig. 4(c) shows the h;stogram for the distribution of unscreened O-F height
differences -at 200 m5 for the Tropics for the same period. ‘The histogram
appears approximately Gaussian with a very wide spread, the standard
deviation being 41.8 m. Comparison of -this histogram with that for North
America suggests that there are important problems with the quality of these
height reports. These results do not show the full extent of the problem as
certain very noisy networks have been excluded from the calculation. The
average bias is small (13.4 m), but we have not examined the variations of
the bias on a station by station basis. Such an investigation is needed to

understand the large differences between the screened and unscreened data.
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3.3 Separation of radiosonde and forecast bias in mid-latitudes

Detailed examination of the mid-latitude statistics shows substantial height
biases in the observation minus forecast differences at individual stations.
It is important to be able to separate the role of instrumental bias from
model bias if one is to attempt to correct the observational bias; Nash

(1984) discueses radiosonde height biases.

Mean forecast errors in the free atmosphere above the boundary layer may be
expected to show an approximately geostfophic relationship between the height
and wind biases. If no such relationship is seen between the biases then the

likelihood is that the biases are instrumental in origin.

Figs. 5 and 6 show the 200 mb height and Wind observation minus forecast
biases at radiosonde stations in North Aﬁerica and Europe for June 1983.
Despite some noise in the height biases over North America, a pattern is
nevertheless discernible there,'with a clear tendency for the forecast to have
too large heights over the western part of the continent. The wind biases
show a pattern which appears, at least qualitatively, to have a geostrophic
relationship with the height biases. Wallace et al (1983) discuss forecast

errors in this region.

Over Europe, no such association can be seen. The European height biases are
generally larger and much more random on the largest scales. On small scales
some international boundaries can be identified from changes in sign of the
biases. There is little apparent association between the height biases and
the wind biases, which suggests that the height biases are dominated by

instrumental bias. Thus the case for correcting the individual European
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Fig.5 Bias (observation minus first guess) between the reported and forecast
(top) 200mb wind field over North America, (bottom) 200mb height field
over North America, for June 1983, at 1200 GMT. The contours on the
height bias field were hand-drawn.
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radiosondes is stronger than that for the individual North American sondes.
On the other hand, studies by Nash (op.cit.) and Lange (1985, pers.comm.)
suggest that the North American sondes have a uniform radiation error which

should be corrected for.

The gradients in the sonde biases over Europe are large. There are numerous
instances where the gradient in the instrumental bias exceeds 50 m in 500km.
Tn a multivariate analysis system this could lead, in the absence of wind

data, to randomly distributed geostrophic wind biases in excess of 10 m/s.

3.4 Discussion

Tn the mid-latitude areas from which we receive adequate data, the pefceived
error of the short-range forecasts is quite low, indicating considerable
short-range forecast skill. The quality of fhe data is generally good, but
the European height data is clearly noisier than the North American data.
The analysis draws for the observational data to within the expected
tolerances. Most of the information is retained during the initialisation,

and is communicated to the slow modes of the forecast model.

In the Tropics, an area from which we receive relatively little radiosonde
data, the forecasts are clearly of poorer quality than iﬁ the other areas
studied. The quality of the wind data is shown to be generally good in the
next section. The unscreened tropical height data.appears to be rather
noisy, even though some networks with very noisy height data have been
excluded. It is shown in the next section that the screened Tropical height
data is of similar quality to the European height data. The wind data

largely survives the initialisation procedure in the Tropics, but the
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geopotential data is largely rejected, mainly in surface pressure.

The perceived short range forecast errors over Europe have a large
contribution from instrumental bias in the height field. The biases in the
height reports over Europe are so large that in the absence of wind data they
could easily cause randomly distributed geostrophic wind biases in excess of

10 m/s over the area.:

4. THE ACCURACY OF THE SHORT RANGE FORECASTS

In this section we use the methods of papers I and IT to partition the
perceived forecast errors over Europe, North America and the Tropics into
prediction error and observation error; the Qorking assumption is that the
observational errors are horizontally uncorrelated. Such a calculation gives
a more precise estimate of the accuracy of the short-range forecasts than is
possible from the verifications discussed in the last section. The term
observation error includes both instrumental error and sampling errors. The

screened dataset is used for the calculations.

The correlation of the perceived forecast error is determined for all
possible station-pairs, and the isotropic component is determined by
compositing the results, and fitting a function defined by a truncated series
expansion. When extrapolated to the origin this function provides a
partitioning of the perceived forecast error into the desired component
contributions. As discussed in papers I and II the estimate of the
observation error depends on the truncation used in the fitting of the data.

In the light of the results of those papers, we decided to limit the
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truncation to 10 terms in a Bessel series, with a search radius of 3000km; the
truncation is equivalent to a truncation at planetary wavenumber 68. The
expansions of the series are terminated at a lower truncation if the

coefficients of the series become negative.

The calculations in this section treat the biases in the data differently
from the last section. The mean difference between forecaét and observation
is removed separately for each station, and the average variance of the
resulting time series is defined as the ensemble mean of the resulting
station variances. In this way the effect of variations in station bias is

excluded from the calculation.

Fig. 7 shows the rms perceived forecast error, together with the
observational error and prediction error components, for the vector wind, for
each of the three areas for the first quarter of 1984. In comparing these
results with those of the last section, it is important to note that here we
discuss rms vector wind errors, while there we discussed rms wind component
errors; in addition the effect of variations in station bias have been

removed.

There is excellenf consistency bgtween the three estimates of observational
error in the troposphere, with peak values of 5 m/s for the 6bservationa1
error in all three areas. The values for the observation error agree very
well with those estimated by WMO (1983). The very low estimate of
observational error around 100 mb in the Tropics is suspect, because the

volume of available data decreases rapidly at these levels.
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There is little doubt that the prediction error for the vector wind in the
upper tropical troposphere is substantially larger than the corresponding
values in mid-latitudes, 7.5 m/s compared to 5 m/s. As anticipated in the
last section the vector wind prediction error in the Tropics is rather less
than the climatological variability of 10m/s. The North American and
European vector wind prediction errors héve similar vertical profiles, with
magnitudes of 2 to 3 m/s at 850 mb, 4.5 to 5.5 m/s at 300 mb and 3.5 to 4 m/s
above 200 mb. The mid-latitude climatological variability for the vector wind

is in excess of 20 m/s near the tropopause.

Fig. 8 shows the corresponding results for the height forecasts. The
estimated prediction error for height is very similar over North America and
Europe (about 15m rms at 200mb), which agrees with verifications of the short
range forecasts against griddéd analyses. The difference in perceived
forecast error in the two areas when the forecasts are verified against
radiosondes therefore arises from the higher level of observational error in
the European network (about 25m rms compared to 15m, at 200mb). The analysis
system removes this noise, so that the verifications against gridded analyses

show lower levels of error.

It is noteworthy that the screened tropical sondes used in our calculations
have very similar height observational errors to the European network. This
result is not true for all tropical height measurements, as some networks
with very high noise levels have not been used in the calculations. It is
also encouraging to note that the prediction error for height in the upper
tropical troposphere is substantially lower than the climatological
variances. The height forecasts in this region are definitely more accurate

relative to climatology than the wind forecasts.
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Fig.7 For each of the three areas North America(top left), Europe(top right),
and the Tropics (bottom), the plots show the total perceived forecast
error for the vector wind using screened data, and the calculated
prediction error and observation error as indicated in the legend.The

unit is m/s.
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The prediction errors for height and wind over Europe and North America are
clearly comparable with the observation errors, and over Europe are smaller
than the observation errors. 1In the Tropics by contrast, the wind forecast
errors are somewhat larger than the observation errors in the middle and

lower troposphere, and substantially larger than the observation errors in

the upper troposphere.

4.1 Changes in forecast skill over the last decade

The mid-latitude resulté are further examined in the next section through a
detailed investigation of the magnitudes of the changes made by each of the
steps of the analysis procedure. Here we make a simple check on the validity
of our main contention by a comparison of present levels of forecast skill
with those of a state of the art assimilation system of about a decade ago.
Fig. 9 cémpares the total percéived errors of the short-range forecasts over
North America, with those discussed by Hollett (1975) for similar forecasts
for essentially the same area, and verified in the same way. Hollett used
the Canadian five-level primitive equation model and his data pertains to the
period August to October 1974. The ECMWF data is shbwn for the periods

January-March 1984 and June-August 1984, to indicate the seasonal variations.

Given that there has been little change in radiosénde accuracy or coverage,
it is clear that the forecast accuracy has improved substantially over the
last decade. Many factors may have contributed to this impro&ement,
including higher model resolution and better analysis and initialisation

techniques.
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Fig.2 The plots show the perceived forecast errors for height (left, in m),
and wind ( right, in m/s ), from verifications against North American
radiosonde data. The curves are for the results of Hollett (1975)
indicated by CMC74, and for the ECMWF forecasts for January to March
1984 (indicated by EC W84) and June-August 1984 (indicated by EC S84).
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5. INTERNAL CONSISTENCY OF THE ASSIMILATION SYSTEM

Each of the three main steps in the assimilation (forecast, analysis,
initialisation) 'increments' the output of the previous step to provide the
input to the next step. The statistics of these increments provide a useful
measure of the chanées made by each step. If the short-range forecast
accuracy is comparable to the observation accuracy, then the forecast must
capture most of the evolution of the atmosphere from one synoptic hour to the

next. 1In such a case one should expect that
F>aA>1I

where F, A and I are measures of the magnitudes of the forecast, analysis and
initialisation increments; the measure used is the rms height increment at

500 mb.

A necessary re&uirement for this.result to bg'true is that the spatial
distribution of the temporal variance of each of the three time series of
forecasts, analyses, and initialised analysgs should be similar; in other
words it is necessary that neither the forecast nor the initialisation should
have a significant damping effect on the variance of their input fields.
Hollingsworth and Arpe (1982) gxamined this question in a pilot study for the
present paper. They found that the variances of the first-quess fields, the
uninitialised analyses and the initialised analyses were very similar in
mid-latitudes. This necessary condition is also satisfied in the present

study, but no results will be shown.
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5.1 Northern Hemisphere

Fig. 10 shows Northern Hemisphere maps of the rms 500 mb height increments
due to the forecast, analysis and initialisation steps, for operational 12Z
analyses in October 1983. 1In the main storm tracks over the oceans it is
clear that F > A,Asince the changes made by the 6-hour forecast are
substantialiy largef than the analysis chaﬁges. Over the continental areas
this is also true;-but not to such a marked degree, mainly because the
forecasﬁ changes afe smaller. The overall spatial homogeneity of the
anaiysis increments is striking. The area mean values for F and A are 20.9

and 12.6 m respectively.

In most places it is also clear that A > I, as the initialisation increments
are definitely smaller than the analysis increments. The area mean values of
A and T are 12.6 and 6.3 m. In general the effect of the initialisation is
to re .2ct some of the change made by the analysis, and to bring the analysis
closer to the first-guess. The results at 500 mb are typical for the height
fields; the effect of initialisation on the height field is generally larger

than on the wind field.

5.2 Southern Hemisphere

Fig. 11 shows the corresponding results for the Southern Hemisphere. The
magnitudes of the forecast increments in the main oceanic storm tracks are
rather similar to, though somewhat larger than, those in the Northern
hemisphere. The magnitudes of the analysis increments in the Indian Ocean

and Atlantic Ocean sectors are less than the forecast increments.
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Fig.10 Root mean square values of the 500mb geopotential increments made by
the 6-hour forecast (top right), analysis (top left) and 1n1t1a11sat10n
(bottom) for October 1983 in the northern hemlsphere.
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There is a substantial analysis problém in the South Pacific sector at
latitude 60°S, to the south~east of New Zealand. This is perhaps the most
data void area in the world. The main data sources are the polar-orbiter
SATEM retrievals, which provide thickﬁess data, and the Australian PAOBs
which provide estimates of surface pressure derived from interpretation of
satellite imagery (Guymer 1978). The problem in the South Pacific sector
arises from the absence of independent surface pressure data to guide the
producers of the PAOB data (Guymer 1985, pers. comm.). There are also
indications that the error level assigned to the PAOBS in our system is too
low. A recent study (Shaw et al. 1984) indicates that the time continuity of

the analyses can be improved by giving less weight to the PAOBs.

The initialisation increments in the height field are substantially smaller
than the analysis increments. This indicates that even with large
differences between observation and first-quess, the multivariate analysis

system derives a well balanced analysis.

5.3 Discussion

Taken together, these results indicate that, particularly in the mid-latitudes
of the Northern Hemisphere, much of the evolution of the observed state of the
atmosphere is described by the forecast model with a good degree of accuracy.
This is true to some extent even in the Southern Oceans, in the Atlantic and
Indian Ocean sectors. Moreover the initialisation changes in the extratropics
of both hemispheres are small compared’with the analysis changes. Thus it is
fair to claim, in areas where data is regularly available in reasonable

quantities, that

F>a>T1I
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It is therefore consistent with the internal behaviour of the assimilation
system to claim that in well-observed areas, the observations and forecasts

have similar accuracies.

6. THE ASSIMITLATION SYSTEM AS A MONITOR OF WIND DATA

A variety of technigues are in use to monitor the long-term quality of
radiosonde height reports (Nash 1984, McInturff et al 1979). No reliable
technique has been available to monitor the long-term quality of wind
reports. In this section and the next we use case studies to illustrate the
value of simple statistics of the assimilation system for long-term

monit .-ing of observational data on both height and wingd.

The first case study demonstrates how bias information permitted the
identification of a serious error in the reported wind direction from one of
the most isolated radiosonde stations in the Qorld. The second case study
exploits the smooth variation of forecast quality in space to compare the
quality of wind reports from adjacent radiosondes, by removing the large
synoptic variations. The third example demonstrates that the statistics are
also a powerful tool to diagnose the use of wind data in the assimilation

itself.

6.1 Wind direction error at an isolated radiosonde station

The radiosonde station at (45°S, 38°E), in the Southern Ocean, is one of the
most isolated stations in the world. Our first statistical investigations

showed that there were large mean differences between the wind reports and
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wind forecasts at the station. No close stations were available for
comparison. To pursue the investigation it was found useful to investigate

the mean difference between the analysed and forecast fields.

Fig. 12 shows the mean analysis increment in the 250 mb wind in the vicinity
of the station for the winter month of May 1981. The mean increment shows
‘the typical signature of the non-divergent wind structure function used by
our muiltivariate analfsis system in the presence of an isolated wind
observation. Over the station itself the iﬁcrement is a southerly wind of

9 m/s. The mean increment over a pefiod of a month ought to be close to
zero. There are no other increments>of comparable magnitude in the southern
hemisphere. Investigation revealed that a similar pattern was found in the
mean increment at the station during a randomly chosen period of the FGGE

year, and again in 1982,

Fig. 13 shows the mean 1-day forecast error in the Southern Hemisphere height
field at 500 mb for the month of May 1981. There is a clearly marked dipole
error in the height field in the vicinity of the station. This forecast
error indicates that much of the information introduced by the data at the

station disagrees with the information introduced by data upstream.

These findings prompted a study of the wind-rose for the station, and for
similarly isolated stations upstream and downstream. The upstream and
downstream stations both showed a mean wind from 270°, with a reasonable
degree of dispersion about this value. The station in question showed a
similar dispersion about the direction 258° from true North. This suggested

an error in the reported direction of some 12°.
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As a further check, the reported mean southerly component was compared with
the reported East-West gradients of geopotential, using mean geopotential
data from the upstream and downstream stations. This was necessarily a crude
calculation, but it did not support the existence of the reported mean
southerly component. The evidence therefore pointed to an error in the
reported wind direction, with the implication that the analysed fields were

contaminated by the error.

To investigate this suggestion, the dynamical consistency of the analyses was
tested in the following way. Using the monthly mean winds at 300 mb, we
calculated the forcing Q necessary to satisfy the steady state barotropic

vorticity equation
Ty, V2 + £) =Q

where { is the monthly mean stream~function. Fig. 14 shows the monthly mean
value of P at 300 mb for the southern and northern hemispheres. The trough in
the vicinity of the station in the southern hemisphere is’clearly evident.
Fig. 15 shows the vélues of QO for ' the southern ana northern hemispheres. Over
most of the globe the structure of Q is dominated by very large scales, except
in the vicinity of the isolated station where there is a»sfrong dipole in Q.
This we interpreted as evidence that the monthly méan‘analysis was not

dynamically consistent in the area in question.
These results led to a local investigation of the instrumentation, which

indicated that the reported wind direction had been in error by somewhat more

than the 12° suggested. The necessary corrective action was taken.
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The case-study demonstrates the ability of the Data Assimilation system to
combine data from disparate sources - SHIPS, SATEMS, and PAOBS - so as to
provide a long-term check on a set of radiosonde wind reports which perhaps

could not have been checked in any other way.

6.2 Quality control of winds in a data rich area

The next example shows how a study of station to station variations of the
rms O-F differences led to the detection of a problem in the wind reports‘:
from a station in a fairly data dense region. Since the forecast aécuracy
varies smoothly in space, the occurrence of a much 1argep rms O~F value at
one station relative to its neighbqurs is indicatiye of problems with the
instrumentation there.

/
Table 1 shows the standard deviations of the O-F differences for November
1982 for the 250 mb wind at two radiosonde stations A, B, which are part of a
Northern Hemisphere national network. The stations are separated by about
700 km and are the only stations in the network using a particular type of
wind-finding equipment. The value of -about 4 m/s>at station A was typical
fqr most of the radiosondes in the area. Station B, showing a value in
excess of 8 m/s, was therefore suspected of having technical problems. Local
investigation confirmed this suspicion, and the problems were quickly
corrected. As a result, the statistics for the doubtful station in January
1983, two months later, were considerably better, with both stations

providing high quality reports, as shown in the table.
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Table 1 : Standard deviation of forecast minus observed V(250)

Station - A - B
‘Nov 1982 4.2 8.4
Jan 1983 4.4 4.3

This example, though not as dramatic as the earlier one, demonstrates how
rapid communication between data users and data producers can improve the

performance of both.

6.3 Identification of problems in the assimilation system

our final wind example is just one of numerous cases where study of the
statistics of the forecast-observation differences have helped identify (and

eventually cure) problems in the assimilation system.

Fig. 16 shows the mean difference between the observed SYNOP reports, and the
10 m wind estimated from the forecast model's boundary layer formulation over
the North East Atlantic. The statistics show a marked over-estimate of the
mean west-south-westerly winds by the procedurg which generates the estimated
10 m wind from the forecast. The problem was most serious on exposed western
coasts, and was not apparent at Ocean Weather Ships, nor in the interior of

continents.
This had important consequences for the analyses. The analysis algorithms

analyse the differences between the forecast and the observation. In many

cases where the surface pressure observations indicated an under-forecast of
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a deepening low, the wind observations were interpreted by the algorithm as
showing the opposite, because of the over-strong low level winds extracted
from the model. The system's compromise between the apparently conflicting

sets of data resulted in a degraded analysis.

Part of the problem was traced to excessive smoothing of the surface
roughness parameter, which has a sharp transition between land andvsea; the
extent of the error is expected to be reduced by use of substantially 1less
smoothing of the roughness parameter in a higher resolution version of ‘the

forecasting model.

6.4 Discussion

The need for intercomparisons of meteorological instrumentation has long been

recognised. Intercomparisons of radiosonde behaviour have been of two type
Short~term expensive experiments involving the near-simultaneous launch of
two or more sonde types for a period of some weeks are reported in Richner
and Phillips (1984), and several of the references cited therein. Longer
term monitoring of the behaviour of the instruments has maiﬁly focussed on
the need for radiation corrections to the height data (Nash (op.cit.) and

McInturff et al. 1979,'Lange 1985).

Reliable methods for long-term monitoring of wind-finéing systems have not
been available, because of the large synoptic variations iﬁ the wind field
short time and space scales. The case studies just presented show that it
now possible to monitor the long term performance of wind-finding systems,
since most of the synoptic variations can be eliminated through study of th
statistics of the difference between the observed value and the forecast fo

that observation.
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7. THE ASSIMILATION SYSTEM AS A MONITOR OF PRESSURE DATA

Surface pressure observations play an important role in the assimilations,
particularly in those regions and at those times when comprehensive upper air
data is lacking. In the mass and windlanalysis, the two surface elements of
greatest concern are the reported pressure and wind. The reported pressure
will, most commonly, be mean sea level pressure, but some hundreds of
stations report alternatives such as station level pressure or the
geopotential at a near surface pressure level; some stations report both a

mean sea-level pressure and a station level pressure.

In common with other assimilation systems, our analysis algorithms seek to
exploit such data in the three-dimensional calculation. This application of
all reported pressures is not‘found in manual practice4 a human analyst
seeking to analyse a mean sea-level pressure field will not exploit a report
of station-level pressure directly, though he will use the reported pressure
tendency. The objective analysis uses the station—level pressure directly,
and in so doing relies on the three dimensional spatial consistency of such
data. To utilise a report of station level pressure a reference datum is
required namely the station height, available in the indexvof station data
(WMO 1984, Vol.A). Errors in such data will be just és serious as a
systematic error in the reported pressure. The station height information is
also required to use the station-level pressure datum found in radiosonde

observations.
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The following example is just one of many to suggest that there are numerous
errors in such station height data, and that such errors have had a

detrimental impact on the analyses.

7.1 Station pressure reports in the Himalayas

Fig. 17 shows biases of (observed minus first-guess) SYNOP pressure values,
based on 1200 GMT data for January 1983 in eastern Asia. Some of the
stations reported mean sea-level pressures; stations in the Himalayas .
generally report a station-level pressure. Only data accepted by the
analysis system have been plotted. All biases are expressed in geopotential
meters. Over peninsular India there is reasonable spatial consistency, with
an average bias of approximately -25 m. This is indicative of a first-guess
error and is a consequence of the absence of a diurnal cycle in the radiation
scheme éf the model, sovthat the forecast lacked thé diurnal and semi-diurnal
tides (an omission remedied in May 1984). Of greater concern in the present
study is the lack_pf spatial consistency near the Himalavyas, particularly in
the region delineated by the daéhed lines in the fiéure. The biases range
from 59.1 m in the centre of the regiqn to -48.1 m at a station in the south
east. Discrepancies of such magnitude, with such a modest spatial separation
are unlikely to be caused by errors in the first-guess field; they are judged
to be errors stemming from incorrect station height data. (Some of the
station heights quoted in the WMO Vol.A index are indeed designated as
approximate , and their use in the assimilation systeh.is, with hindsight,

naive).

The consequences for the analysis are serious. Used in isolation the data in

the centre of the region in question could be expected to yield a substantial
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increase in the first~gquess geopotential field which, because of the
geostrophic coupling should generate a anticyclonic wind increment. The
times at which the data are used in isolation are at 0600 an 1800 GMT, when
few other data are available. Fig. 18Ashows the mean analysed wind increment
for the 0600 GMT analyses for January 1983 for the 250 mb level, with the
consequence of the incorrect data clearly evident. Because the increment is
geostrophically balanced, it will survive the initialisation, and will be
retained to some extent in the subsequent 6-hour forecast to 1200 GMT. At
1200 GMT, a similar set of incorrect data will be presented to the analysis,
but now in competition with appreciable volumes of rawinsonde data at the
standard levels in the vertical. The effect of this wind data is to outweigh
the surface pressufe data, and reverse the incorrect anticyclonic circulation
of the first-guess field. This process is seen in Fig. 19 which shows the
mean analysed wind‘increment at 1200 GMT. Noting that the analysis does not
fully eradicate errors in the first-guess field, one can conclude that the
quality of the final analysis in this region is adversely affected by the use

of the surface data.

The use of surface data in our assimilation scheme is dependent, in part, on
the orography of the model in the sense that observations are not used if to
do so required excessive extrapolations of the prediction model in order to
create an appropriate first-guess value. A substantial change to the model
orography was introduced in April 1983 (Wallace et al 1983), and so there was
a changéd signal in the features of Figs. 17, 18 and 19 arising from the
model change. Changes will also occur from time to time as a consequence of
new observing practices in certain regions, from changes in receipt of data
via the GTS, and indeed from change; to the WMO Volume A index, which is

updated at six monthly intervals.
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It could be argued that erroneous information of the type described should be
identified and rejected by the real-time quality control checks within the
analysis. Much of it is of course; what are depicted in the diagrams are the
discrepancies which are appreciable in terms of their impact on the analysis,
but which are nevertheless sufficiently modest to escape deteétion by the
quality control algorithms currently used. The conventional checks failed to
detect these errors, and while more sophisticated checks would be partially

successful, it is clearly desirable to remove the cause of the errors.

8. DISCUSSION

The pﬁrpose of this paper has been to demonstrate the ability of a modern
data assimilation system to provide long-term diagnostic facilities to
monitor its own performance, and the performance of the observational
network. The capability has been developed through improvements in computer
power and the techniqugs of numerical weather analysis and prediction over

" the last decade. The diagnostic ability exists because:

(1) The analysis algorithm uses both the observations and the first-quess for
extensive quality control of the observations. It then combines the
information in the first-guess with the information in the diverse
observational database, to produce an estimate of the state of the atmosphere

that is more accurate than either of its inputs.
(ii) The analysis is sufficiently well balanced to permit most of this

information to be communicated to the slow modes of thé forecast model,

ensuring an accurate and noise free first-guess for the next cycle. .
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The usefulness of the monitoring tools in comparing the long-term consistency
of adjacent stations, or of different data types, stems from the fact that
the accurate forecasts enable one to remove the large synoptic variations

which would otherwise render the comparisons impossible.

The examples we have discussed are only a small sample of the useful results
of this work. The diagnosis of an anomaly in the statistics requires
investigations. at the aﬁalysié centre to ensure that the anomaly is not due
to ﬁﬁe assimilation system. Collaboration between data analysis centres can
be valuable in cross—checkiné the findings. Regular exchange of data
monitoring results among analysis centres, and between these centres and the

data producers, would be beneficial.

In‘this report we have only studied two elements of tﬁe Global Observing
System, namely ldnd SYNOP reports and radiosonde reports. The techniques
have been extended to all aspects of the Global Observing System (Delsol,
1985). Systematic exploitation of these techniques will certainly improve

the quality of the initial data for forecasts.
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