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ABSTRACT

Numerical output from a GFDL global climate model was used to determine whether the present dis-
tribution of rawinsonde stations is adequate to deduce the atmospheric structure and its variability in space
and time over the globe. Spatial data gaps were found to cause typical rms wind errors averaged over a hemi-
sphere of 2 to 3 m s™l, increasing for the zonal wind component to 5 or 6 m s~ at jet stream levels. In
temperature the spatial data gaps led to rms errors on the order of 0.5 to 1°C in the free atmosphere, in
geopotential height between 20 and 30 gpm in the upper troposphere, and in specific humidity between 1
and 2 g kg™ near the surface and about 0.3 g kg™ at 500 mb.

Errors due to instrumental deficiencies, unrepresentativeness of the local soundings, deficiencies in the
analysis technique and gaps in the time series were found to be less important than those due to the spatial
gaps, even in the Northern Hemisphere,

In the Northern Hemisphere, the rawinsonde network was found to be generally adequate to measure
large-scale circulation statistics. However, in the Southern Hemisphere the incorporation of additional data
sources (rawinsonde, satellite or otherwise) is necessary, especially for defining the fluxes by the mean
meridional and stationary eddy circulations.
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1. Introduction

Before the 1950’s progress in the understanding of
the atmospheric circulation was hampered by a lack
of upper air data. However, since World War II
aviation requirements have led to a greatly improved
coverage in the Northern Hemisphere. Thus, the
number of meteorological stations taking daily rawin-
sonde observations has grown from less than one
hundred during the late 1940’s to nearly one thousand
in recent years. The improvement was not restricted
to the continental regions but also included the North
Atlantic and North Pacific Oceans through the intro-
duction of about 15 specially equipped Weather Ships,
and also many meteorological observing stations at
various islands. :

In the early 1950’ it was found feasible to under-
take for the first time general circulation studies on
a hemispheric scale. The theoretical framework to
put this wealth of information in a comprehensive
form was laid largely by the late Victor P. Starr
and his co-workers at the Massachusetts Institute of
Technology (MIT). The fundamental equations de-
scribing the conservation of mass, angular momentum,
water substance and energy were applied to the
study of the earth’s fluid envelope. Statistics were
evaluated for the climate parameters by taking long-
term averages along different latitude circles (so-called
zonal averages), and studying the properties of both

the zonal mean, and the transient and stationary
eddy components.! This breakdown proved very
useful. The observations reduced in this framework
have contributed greatly to establishing our present
conception of how the earth’s climate is maintained
(e.g., Lorenz, 1967). '
However, there is always the lingering doubt whether
the climate over the globe and its variability in space
and time can be adequately determined from the
present rawinsonde network (e.g., Walker, 1970;
Stoldt, 1971; Baer and Tribbia, 1976). The problem
becomes evident when one considers the distribution
of rawinsonde stations used in our more recent studies
of the global climate during the 1968-73 period as
shown in Figs. 1 and 2. The first figure shows the
location of the available rawinsonde stations over the
globe, and the second one a block diagram of their
meridional distribution summed over 5° latitude wide
belts. From a study of these figures one notices (ex-
pressed in a qualitative manner) that the coverage-
over the continents is good, over the northern oceans
fair, and over the southern oceans quite poor. The
main purpose of the present paper is to quantify
these impressions, and thus to determine to what
extent general circulation statistics based on rawin-
sonde information (i.e., practically all presently avail-

1 For a list of symbols and definitions see Appendix.



FEBRUARY 1978

90°N

ABRAHAM H. OORT

175

60°

30°

00 i A . . . ‘.

M E : m .
. Ny L 3
. o &
[} : o .
60° )
’____,_J—"——’_Ab L___,_,-(/_J .
90°§
180° 120° 60°W 60°F 120°

180°

F16. 1. Global map of the location of rawinsonde stations used in our recent general circulation studies
for the period 1968-73.

able atmospheric statistics) are affected by spatial
gaps in the observing network. Other types of errors
also influence the results. However, it will be shown
in Section 7 that data gaps over oceanic regions con-
stitute the most serious source of error, even in case
of the Northern Hemisphere.

The other types of errors are related to 1) the
accuracy of the basic daily observations, and the
interpretation of a local sounding as representing
large-scale conditions (Section 4), 2) deficiencies in
the objective analysis scheme used (Section 5), and
3) gaps in the time series at each station (Section 6).

2. Method of approach

To investigate the nature of the errors caused by
temporal and spatial data gaps we have used informa-
tion available on GFDL model history tapes. These
tapes contain, among other things, the daily ‘grid-
point values of the wind components, temperature,
pressure and humidity obtained during a two-year
integration of a GFDL general circulation model.
They were created originally for the purpose of diag-
nostic analysis of the model results. However, the
information on the tapes can also be used for other
purposes, such as, testing the adequacy of the rawin-
sonde network as will be demonstrated in the present
paper. In the case of a general circulation model,
the ‘“observational” network is probably “perfect”
since data are available for each time step and at
each point of a.regular three-dimensional grid.

In the error tests to be described in the following
sections, the daily global meteorological fields from

the history tapes were used to compute a variety of
monthly mean general circulation statistics. By with-
holding information at certain times or for certain
locations and by reanalyzing the basic monthly mean
fields the typical data deficiencies experienced in the
real atmosphere were simulated. Through an inter-
comparison between the model statistics obtained with
a realistic data distribution and those obtained for
the full model it proved possible to compute the
errors in the general circulation statistics for the
model. These errors will most likely also represent
a good estimate of the probable errors in the general
circulation statistics for the true atmosphere. How-
ever, it is necessary to explicitly state here that in
generalizing these results to the true atmosphere, the
basic assumption is made that the numerical model
generates a model atmosphere that sufficiently closely
resembles the real atmosphere. How one defines a
sufficiently close resemblance is, of course, open to
discussion. Whether the error estimates are insensitive
to the particular approach taken, can and probably
should be examined by further tests with other models.
However, this is beyond the scope of the present
study. It may be mentioned that the evidence pres-
ently available to the author, seems to indicate that
the present error results are certainly qualitatively
and probably also quantitatively representative of the
true atmosphere.

3. Description of general circulation model

The particular model used here is the so-called
ZODIAC model developed at GFDL by S. Manabe
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Fr6. 2. Meridional distribution of the number of rawinsonde
stations in 5° latitude belts, which were used in our recent global
general circulation studies for the period 1968-73.

and his co-workers. It is a global, general circulation
model with a seasonal cycle. The model has 11 sigma
levels in the vertical and a horizontal resolution of
about 250 km. Because the evaluation of the ZODIAC
model is not the object of the present study, the
model results will not be compared here with the
results for the actual atmosphere presented in earlier
publications- (see e.g., Oort and Rasmusson, 1971;
Oort, 1977). It should be mentioned, however, that
the model in spite of certain obvious deficiencies
appears to generate a surprisingly good replica of the
true atmospheric circulation and its annual variation.
This is shown, for example, by Manabe et al. (1974)
for the tropics, by Manabe and Mahlman (1976) for
the stratosphere, by Hayashi and Golder (1977) for
the space-time character of the model disturbances,
and by Holloway and Manabe (1971) and Manabe
and Holloway (1975) for the global hydrological cycle.

As obvious deficiencies in the ZODIAC model let
us single out two parameters, the mean zonal wind
distribution and the transient eddy kinetic energy.
Thus the subtropical and polar night jet streams do
not appear as separate phenomena, but are connected
in an unrealistic manner. As regards the general level
of transient eddy kinetic energy, the ZODIAC model
computes only about half of what is observed in the
real atmosphere. However, these problems are not
unique for the ZODIAC model but are typical for
practically all general circulation models.

The ZODIAC model was run for a period of two
years. Because the first year of integration was a test
period during which various corrections were made
in the computer code, only the output of the second
year was used for the present experiments. To show
the seasonal variation, results will be presented for
the months of January and July.
~ To make the data handling exactly compatible with
that used in our real observational studies it was
necessary to interpolate the daily data in the vertical
from sigma to pressure levels. The 11 pressure levels
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are at 1000, 950, 900, 850, 700, 500, 400, 300, 200, 100
and 50 mb. The next step was to calculate monthly
mean statistics (mean values, variances and co-
variances) at each of the 7140 model grid points
(or at a subset) and at each pressure level. Then,
followed an objective analysis to interpolate the
monthly fields to our 47X51 Northern Hemisphere
(NH) and Southern Hemisphere (SH) polar stereo-
graphic analysis grids. The final step was the com-
putation of the desired spatial variance and covariance,
zonal mean, vertical mean, hemispheric mean and/or
global mean statistics.

4. Accuracy and representativeness of basic reports

Soundings of wind (u,7), temperature (T), specific
humidity (g) and geopotential height (z) in the free
atmosphere are subject to various types of errors.
First of all there are the pure instrumental errors, as
well as the errors due to uncertainty in position of
the rawinsonde balloon both in the vertical and hori-
zontal directions. These effects tend to create errors
that increase with height; for the upper troposphere
root-mean-square (rms) values are about 5 m s for
the wind components, a few tenths of 1°C for the
temperature, and a few decameters for the geopotential
height (Lenhard, 1970, 1973). Relative humidity errors
may amount to about 109, (Reeves ¢t al., 1976).

Another error is made when one interprets the

soundings, as is frequently done, to represent the
average value for an area of typically 100 km X100 km
or more. Although the meteorological instruments will
record the local properties of the air through which
the balloon travels fairly accurately, the presence of
microscale and mesoscale variations may make these
recorded values unrepresentative for the larger area.
Resulting errors are generally larger than the esti-
mates given above. This is evident from the recent
comparisons that were made between simultaneous
reports from adjacent stations (see e.g., Bruce et al.,
1977), between rawinsonde reports and interpolated
analyses, at the same station (see e.g., Schlatter et al.,
1976), and between cloud motions and rawinsonde
winds (Bauer, 1976). Reasonable values for the rms
errors in the upper troposphere seem to lie between 5
and 10 m s™! for the wind components, to be about
1°C for the temperature and about 50 m for the
geopotential height. -
. In addition to the errors in the basic measurements,
other problems may arise during transmission and
processing of the data. Fortunately, gross errors can
generally be detected by a careful analysis of the
time series at each station. For example, doubtful
data points several standard deviations away from
the mean value may be checked further and recognized
as obviously erroneous points. ,

It appears reasonable to assume that the errors
discussed up to now are random in character and
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uncorrelated [an exception is the possible bias for
missing upper air reports during high wind rather
than low wind speed conditions, see e.g., Priestley
and Troup (1964) and Lorenz (1967, pp. 33 and 88)].
This would imply that the statistics evaluated for a
certain station would become progressively more
reliable as longer averaging periods are considered.
By considering an averaging period with n (inde-
pendent) data points, the errors in the linear quantities
would reduce by a factor of 1/n}. Because the day-
to-day variations due to microscale and mesoscale
phenomena should be uncorrelated at each station,
one may assume about 30 independent data points
in one month. This would mean a reduction by a
factor of £ or £ in the errors given above for the daily
values. Thus the error % and ¥ would be about 1 m s,
in T about 0.2°C, and in Z about 10 gpm, where
the bar denotes the monthly mean. In addition, one
may expect a reduction of 30 to 40%, in these random
errors due to the analysis scheme. This will be dis-
cussed extensively in Section Sc.

5. Errors associated with objective analysis method

In order to duplicate the real data situation as well

as possible, the same statistical treatment of the model -

daily data was adopted as the one used by us for
real atmospheric data. Thus monthly mean station
values were calculated from the time series at each
“rawinsonde station” point. Next, the same objective
analysis technique was applied to interpolate from
the station values to the full analysis grids (for further
information see Oort and Rasmusson, 1971).

a. Description of analysis technique

Our original goal in selecting an objective analysis
scheme was to arrive at an analyzed field that would
as closely as possible resemble the field as obtained
by a careful hand analysis, but of course done in an
objective manner and in a minimum of computer time.

In the actual procedure, the first guess field for
all parameters was a zonally symmetric one, and equal
to the zonal average of the available data in the
appropriate latitude belt. Next a CRAM (Conditional
Relaxation Analysis Method) technique as described
by Harris et al. (1966), was applied. In this technique
the interpolation is done by requiring that the values
at all grid points satisfy a Poisson-type equation.
The forcing function at the right-hand side of the
equation is specified to be the second derivative of
the smoothed first guess field. The “observations” are
then used as internal boundary points in solving the
Poisson equation, while the external boundary points
are arbitrarily defined to equal the values of the first
guess field. Thus after the rawinsonde grid points
have been corrected by the difference between the
initial guess at the grid point and the observed value,
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they become the internal boundary points. Next the
Poisson equation is solved in finite-difference form
through relaxation at all nonboundary grid points.
After smoothing of the resulting field the entire
procedure is repeated by analyzing the difference but
now between the smoothed field at the grid point
and the observed value. The procedure is continued
until the differences at the rawinsonde points become
sufficiently small.

In the actual calculations an advanced computer
language “ANALG68” developed by J. G. Welsh at
GFDL was used. This language was designed especially
for the handling of meteorological and oceanographic
problems. It contains all basic subroutines needed for
a CRAM analysis. The analyses were performed on
a modified National Meteorological Center (NMC)
grid with a grid distance 1.5 times the NMC distance
leading to arrays of 47 by 51 grid points (average
grid point distance of about 430 km). The NH analyses
were done on a NH polar stereographic map with
the North Pole located in the center of the grid and
the y-axis along the Greenwich meridian. At the left
and right sides the analysis extended southward to 6°S,
and at the bottom and top sides to 11°S. Similarly
the SH analyses were done on a SH polar stereo-
graphic map extending northward to 6°N at the left
and right sides, and to 11°N at the bottom and top
sides. In the construction of the global cross sections
and profiles to be presented in this paper the values
were taken directly from the NH and SH maps except
within a few degrees latitude of the equator where
the average of the NH and SH analyses was used.
In this way the possibly detrimental influence of the
boundaries was largely eliminated.

b. Deficiencies of the analysis technique

Here we will mention some of the good features
and also possible shortcomings of the objective analysis
scheme described above.

Most relevant is probably a study by Leary and
Thompson (1973) who tested this scheme over the
Northern Hemisphere by comparing a known function
with the objective analysis of its values at the loca-
tions of the rawinsonde stations. They found that a
surface spherical harmonic of wavenumber 2 was
reproduced with little spectral distortion. In contrast
the power input for a very high wavenumber 12 was

. reduced to only 139, of its original value, compared

to 879, for wavenumber 2. These results are qualita-
tively consistent with what one would expect on the
basis of the station distribution. Of course, it should
be kept in mind that most of the meteorological
information of interest is contained in the low, and
not in the high, wavenumbers.

Over relatively data dense regions, as one finds
over most of the continents, all analysis schemes will
yield very similar results (see, e.g., Gandin, 1963,
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p. 67). However, this is not the case over the data
sparse oceanic regions. Here, the choice of the initial
guess field seems quite important. The reason is that
in almost all present interpolation schemes the first
guess field is hardly modified at grid points more
than 1000 to 2000 km away from any rawinsonde
station. This is related to the sharp drop-off in the
spatial correlation functions at those distances. The
local, long-term mean value would be an obvious
first guess, but unfortunately this normal is not known
and is just the quantity we would like to determine
from our analyses. Therefore, in these data-void
regions, no analysis scheme can be expected to give
very realistic results. Qur choice of a zonal mean of

all data in the same latitude belt seems reasonable,”

at least for those monthly-mean parameters, such as
%, T, Z and §, that tend to have the_largest gradients
in the meridional direction. For quantities with a more
cellular structure in the east-west direction, such as 3,
the zonal average is obviously not very helpful as
a first guess.

Next in importance to the first guess is the choice
of how to modify the first guess. Besides the CRAM
analysis technique, the successive approximations
technique as described by Cressman (1959) and the
optimum interpolation technique- as promoted by
Gandin (1963) are frequently used in analyzing me-
teorological fields. The optimum interpolation technique
is probably the most elegant one, but seems more
suitable for the analysis of daily or monthly anomaly
rather than long-term mean fields. The reason for
this is that the normal conditions and the shape of
the correlation functions are supposed to be known.

A Cressman-type analysis scheme modified by Eddy
(1967) was used extensively by Newell et al. (1972,
1974). Their final cross sections of the real atmosphere
resemble closely our real data cross sections based
on the CRAM analysis technique. Further Starr et al.
(1970) compared various general circulation statistics
obtained by a number of objective and other schemes
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of analyses. They found close agreement in the results
obtained by the different schemes, with the possible
exception of the computation of the mean meridional
velocity. On the basis of these earlier findings one
may tentatively conclude that the results of gross
general circulation statistics such as those presented
in this paper will not depend crucially on the choice
of the first guess field and the particular scheme of
analysis used. Thus it seems permissible at this point
to generalize the present results for the ZODIAC
model and assume them to be relatively independent
of the analysis technique used. Nevertheless, this point
should be checked further in later studies.

¢. Experiments with random number input

Another question "one might ask regarding the
analysis scheme is how it handles a random error field.
Random errors associated with, e.g., instrumental
deficiencies and mesoscale processes (see Section 4),
unfortunately, do contaminate meteorological statis-
tics. Thus random station errors should be reduced
in the final grid-point values, while on the other
hand, no significant meteorological information should -
be lost.

From various tests (not to be described here) it
was found that the objective analysis scheme is prac-
tically linear so that one can analyze the random

“error field by itself, and does not have to study it

superposed on each different data field. Therefore in

‘the present discussion we will simply consider the

response to an input of random numbers with a mean
of zero and a standard deviation of one unit {e.g.,
1 m s for the wind components, 1°C for the tem-
perature, etc.) for various spatial distributions of
the input.

The resulting rms values were computed, for each
hemisphere, and are presented in Table 1. For greater
reliability the same case was repeated 21 times with
different choices of random numbers. Thus both the

TasLE 1. Influence of objective analysis scheme on a field consisting of random numbers
with mean=0 and standard deviation=1.

22-sample means (==standard deviation) of the
rms value computed over the

Case Input specified Northern Hemisphere Southern Hemisphere
1 At all 47X 51 points of analysis grid 1.00(0.02) 1.01(3-0.02)
2 At “rawinsonde’ grid points only (414 0.70(+0.03) 0.76(+0.03)
in NH, 110 in SH)
3 At exact rawinsonde locations only 0.69(=+0.03) 0.59(=2:0.06)
- (734 in NH, 121 in SH)
4 At exact rawinsonde locations only; 0.57(=+0.03) 0.56(20.06)
the final analysis field is smoothed.*
5 At all 47X 51 points of analysis grid; 0.59(=0.03) 0.59(+0.01)

the final analysis field is smoothed.*

* In the analysis of real data one frequently apphes a final smoother to the analyzed fields which does only affect the very high wave-

numbers. In our case, twice the smoother a;;=% @ij+{(ait1, ;4 i1, j 18, j41-8i,j-1)/8 was applied, and once the desmoother b; 3=2by;
— (bigr.j+bioy, j+bi, j41+bi, ;1) /4 to restore the contribution to the low wavenumbers.
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TasLE 2. Errors due to temporal gaps only. Shown are rms differences between the 20-random-day mean and the 31-day mean fields
averaged over the entire Northern or Southern Hemisphere for various parameters at selected pressure levels for January. Case (1) for
the full ZODIAC model with information at all grid points of our 47X 51 polar stereographic analysis grids (i.e., 1353 grid points in each
hemisphere), and case (2) for the rawinsonde-simulated ZODIAC model with information at only rawinsonde grid points of our analysis

grids (i.e., 414 grid points in NH and 110 grid points in SH).

(1) Full ZODIAC model

(2) Rawinsonde-simulated ZODIAC model

850mb 500mb  200mb 50 mb 80mb 500mb 200mb 50 mb Units

i NH 04 0.4 0.6 04 0.4 0.5 0.7 0.6 -

u SH 0.4 0.4 0.6 0.3 0.4 0.4 0.7 0.4 m

i NH 0.3 0.4 0.5 0.3 0.5 04 0.6 04 .

v SH 0.3 0.3 0.6 0.2 04 0.4 0.8 0.4 m s
NH 0.2 0.1 0.1 0.2 0.4 0.2 0.1 0.3 o

T g 0.2 0.1 04 01 02 02 01 0.2

i NH 0.2 0.1 — _ 0.2 0.1 _ = )

g SH 0.2 0.1 — — 0.2 0.1 — — g kg™

—  NH 3 4 7 4 4 5 8 6

“*  og 4 3 8 2 4 3 9 2 ' s

. NH 3 3 6 2 4 5 9 3

" SH 3 3 7 1 4 4 11 1 ? s

— NH 1 1 0 2 2 1 1 3

™"  sm 1 0 0 0 2 1 0 1 °c

- NH 09 0.1 — — 1.0 0.1 — —

*  sH 0.9 0.1 — — 1.1 0.1 — — g kg

— NH 2 2 4 2 3 4 6 3

L 2 2 5 1 3 3 7 1 o’ s

— NH 1 1 1 1 2 1 1 2 _

*T" sy 1 1 1 0 1 1 1 1 m s °C

— 0. 0.2 — — 1.0 0.3 — —

vy é\gl 1.? 0.3 — — 16 0.3 — — m s~ gkg

22 sample means as well as their standard deviations
are tabulated.

One notices in Table 1 that the error field is reduced
in all cases from an input value of 1.00 to wvalues
ranging between 0.56 and 0.76. Therefore, the analysis
method has the desirable property of being conserva-
tive. In other words, it does not create sizeable maxima
or minima away from the input data. If the input is
specified at the actual rawinsonde locations (cases 3
and 4) rather than at the nearest grid points (case 2),
the random error is reduced even more because of
the extra interpolation needed. The effect of high
wavenumber smoothing is, of course, very large in
the case of random numbers specified at all grid
points {case 5). The result is a reduction from 1.00
to less than 0.60. However, for more realistic data
distributions (compare cases 3 and 4) the reduction
by smoothing is rather small because of the sparse
station network. For the same reason, the intersample
variability is generally larger in the Southern Hemi-
sphere than in the Northern Hemisphere. It can be
shown analytically that the lowest rms value one
may expect for a network would be about 0.5 (Sim-
monds, 1977, private communication).

6. Errors associated with temporal gaps

A different type of error to be discussed next is
that due to missing reports in the final time series
at each station available to the researcher. For global

studies one has to accept stations with incomplete
records, especially in data sparse regions. To minimize
the detrimental effects of such data gaps in the time
series we have specified in our earlier observational
studies a cutoff criterion of 10 reports per month.
Only stations that reported more frequently were used
in further analyses. It was found that the bulk of
the stations used reported with an average frequency
between 60 and 909, and that only about 59, of the
stations reported less than 509, of the time.

The influence of such temporal data gaps was
estimated in the ZODIAC model by recomputing the
model statistics after creating artificial record gaps.
In the actual procedure the same reporting frequency
of about 65%, was assumed for all grid points. Thus
20 days were selected at each grid point, independently
and at random, from the total sample of 31 days
available for the month of January. These 20 days,
in general different for each point, were kept in the
record, while the 11 remaining days were given a
missing value. Using this 20-day sample monthly
mean, variance and covariance statistics were com-
puted for all grid points, then new horizontal analyses
were obtained and new general circulation statistics
were computed.

The comparison between the 20-day results and
those for the full 31-day sample is given in Table 2.
Shown are the rms differences between the two sets
of monthly mean fields, which were averaged over
the two hemispheres separately. Both the linear mean
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quantities, as well as their variances and covariances
in time are considered at various pressure levels.
The computations were done for two cases. Case 1 is
the situation that all points of the 47X51 polar stereo-
graphic grids (1353 grid points in one hemisphere)
were given the appropriate 20 random day values in
the test run and the 31 day values in the control run.
Almost no interpolation was needed to evaluate the
zonally averaged statistics in the two runs. In case 2
the 20 random day values were assigned only to those
grid points that were located within a range of 200 km
of a rawinsonde station (414 grid points in the Northern
Hemisphere and 110 in the Southern Hemisphere;
see Fig. 1 for actual station distribution). At all other
grid points the values were interpolated using an
objective analysis scheme. The same procedure was
followed at all 11 pressure levels. The generated
analyses were then compared with similar analyses
made for the full 31-day samples but again based on
the 524 rawinsonde grid points only.

The rms values in Table 2 for cases 1 and 2 are
almost identical. This shows that the results are the
same whether the full spatial coverage is used or only
the rawinsonde coverage in conjunction with an
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objective analysis scheme. This seems to be another
indication that the analysis scheme is a reasonable one.
Typical error values are about 0.5 m s™! for % and 7,
0.2°C for T, 5 m?® s for & and 9%, 1°C? for T7,
5 m? s~ for the momentum transport »"%/, and 1 m s
°C for the heat transport ¥'T’ at all levels. Because
of the rapid decrease of humidity with height, the
hunudity errors are found to decrease with height.
Below 850 mb (not presented here), the errors in the
temperature and its variance are somewhat larger
than in the free atmosphere. This is partly due to
real variability and partly due to another (probably
minor) sampling problem that occurs when the pres-
sure levels are sometimes above and sometimes below
the ground.

If one compares the previous error estimates dis-
cussed in Section 4 with the present values it is found
that the previous ones are larger. Thus one can con-
clude that the occasional unrepresentativeness of the
local soundings for a larger synoptic area could pos-
sibly present a serious problem in global observational
studies, more serious than the problems caused by
any of the other error sources discussed until now.

TasiE 3. Errors due to spatial gaps only. Shown are the rms differences between the full ZODIAC model fields and the rawinsonde-
simulated ZODIAC model fields averaged over the entire Northern or Southern Hemisphere for various parameters at selected pressure

levels for January and July.

January July
1000 mb 850 mb 500 mb 200mb 50mb  1000mb 850 mb 500 mb 200mb S50 mb Units
- NH 1.6 2.4 3.0 5.4 2.5 1.8 24 24 4.7 2.1 -
*  sH 2.3 3.5 3.6 59 2.2 2.1 2.9 3.2 40 33 WS
_ NH 14 1.2 1.4 19 08 1.4 1.4 1.3 1.8 0.7 o
Y sH 1.8 1.8 1.8 2.6 1.5 2.0 1.7 2.7 2.8 20 mS
p NH 2.9 1.0 0.8 0.6 06 1.7 1.0 0.6 0.5 04 o
SH 2.1 1.6 1.0 09 0.8 3.3 1.7 1.2 0.6 1.0 :
_NH — 6 14 25 26 — 5 12 19 14
£  sH — 7 19 25 21 — 9 23 33 39 gpm
_ NH 14 1.0 0.2 — — 1.2 1.2 0.3 — — .
¢ sH 2.0 14 0.3 — — 1.6 1.0 03 — — gkg
— NH —* 8 9 18 10 — 12 8 22 2 .
*  SH — 14 10 25 5 — 12 18 27 6 m"s
- NH — 11 9 14 3 — 7 6 16 1 -
LA | — 10 11 29 4 — 1 16 22 6 m* s
72 NH — 5 1 1 3 - 2 1 1 1 oc2
SH — 4 2 2 1 — 8 3 - 1 1
NH — 2.6 0.2 — - — 24 0.3 — —
* sH — 2.8 0.3 — — - 2.6 0.2 — — g kg™
— NH — 5 5 1 4 — 5 4 13 1 -
V¥ SH — 6 7 17 3 — 8 10 18 4 m’ s
—— NH — 4 2 2 2 — 2 1 3 1 .
T g - 33 4 1 — 5 4 3 2 m s °C
— NH — 2.2 0.6 - — - 2.5 0.8 — — o
Y sH — 3.0 08  — — — 2.5 06  — — m s~ g kg™t
_ NH 7 8 17 47 21 5 9 7 25 9 -
%% sH 7 9 15 46 14 10 10 27 76 71 m* s
p NH 32 17 20 106 53 31 22 15 98 40 e
% smu 36 27 34 149 77 34 25 48 175 132 ms
NH 19 7 2 — — 23 11 2 — —_ o
% sg 23 13 2 — — 17 7 2 — — m s~ g kg™t

* The transient eddy statistics at 1000 mb are not reliable.



FEBRUARY 1978

However, it will be shown in the next section that
spatial data gaps in the global network generally lead
to the largest errors, and that these gaps will make
certain general circulation statistics highly unreliable,
especially in the Southern Hemisphere.

7. Errors associated with spatial gaps

In the tests to be described here the monthly data
were deleted at grid points more than 200 km re-
moved from any ‘“rawinsonde grid point.” Next new
data were obtained at these points by interpolation
from the still available information at the rawinsonde
grid points. As stated before, interpolation was ac-
complished through the same objective analysis scheme
as is currently being used by us in the analysis of
the real atmosphere. A thorough comparison of these
newly generated monthly-mean fields with the fuil-
model control fields should then show the influence
of the spatial data gaps on the model statistics and,
by inference, also the influence on the real atmo-
spheric statistics.

a. Comparison of horizontal fields

To characterize the differences between the fiill
model and the rawinsonde model results it seems
appropriate to discuss first a gross, overall measure.
As before in the case of temporal gaps, we have chosen
the rms difference value averaged over an entire
hemisphere as a convenient measure. For a certain
parameter and at a certain pressure level one number
will now describe the difference or error field. The
computed numbers for the temporal means 4, #, T, z
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and g, the temporal variances «2, v'2, T and ¢%, the
temporal covariances v'#, ¥’T’ and vq and the prod-
ucts #@%, #T and 97 are given in Table 3. Shown are
the numbers at five representative pressure levels in
the troposphere and lower stratosphere for the months
of January and July. )

Let us discuss some of the outstanding features of
the results. First, one may point out that for all
parameters in Table 3, errors in the Southern Hemi-
sphere are somewhat larger than in the Northern
Hemisphere, perhaps not as much as one might expect
on the basis of the station distribution. The reason
may be that where there are only few stations (such
as in the SH) the analysis scheme gives a smooth
pattern, probably uniformly poor, but with relatively
low rms values. A much greater sensitivity to the
station network will be found in certain zonal mean
quantities to be discussed later. As a second point,
regarding seasonal differences one notices a decrease
in the NH rms error from winter (January) to summer
(July) in agreement with the decrease in intensity
of the NH circulation. However, for the Southern
Hemisphere, the rms errors are practically the same
in winter and summer (except for £). This is perhaps
not so surprising because also the intensity of the
SH circulation does not change much during the year.
As is well known, the occurrence of only small seasonal
variations in the Southern Hemisphere is related to
its surface characteristics, namely, that it is domi-
nated by oceans in low and middle latitudes and by
the permanent Antarctic cold source at high latitudes.
Typical values of the error in # and % are 2 to 3 m s,
increasing for % to 5 or 6 m s7! near jet stream levels.
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Frc. 3. The rms difference between the full ZODIAC model fields and the ra-
winsonde simulated ZODIAC model fields for the monthly mean wind components,
temperature, geopotential height and specific humidity as a function of pressure.
Shown are NH and SH averages by solid and dashed lines, respectively, for January

(top) and July (bottom).
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Fic. 4. The rms difference between the full ZODIAC model fields and the ra-
winsonde simulated ZODTIAC model fields for the monthly mean wind components,
temperature, geopotential height and specific humidity as a function of pressure
for January (a) and July (b). Shown are tropical (0°-30°), extratropical (30°-90°)
and hemispheric (0°-90°) averages for the Northern (top) and Southern Hemisphere

(bottom).

Temperature errors are of the order of 0.5 to 1°C
in the free atmosphere and 2 to 3°C in the surface
boundary layer. Errors in the geopotential height
range between 20 to 30 gpm in the upper troposphere.
Errors in the humidity decrease with height from a
value of 1 to 2 g kg™ near the surface to 0.3 g kg™!
at 500 mb. For the wind variance and covariance
statistics errors tend to increase from the surface to
the 200 mb level and then again to decrease, in par-
allel with typical vertical wind profiles as found at
middle latitudes. The statistics involving temperature
often show an increase in the rms error near the
surface. This is, of course, even more pronounced in
the case of humidity.

Figs. 3 and 4 supply more detailed, visual informa-
tion concerning the vertical and meridional distribu-
tions, respectively, of the rms error in #, 7, T, % and g.
The meridional dependence in Fig. 4 is shown by a
breakdown of each hemisphere into a tropical zone
(0-30°) and an extratropical zone (30-90°). The rms
errors averaged over these zones and over the hemi-
sphere as a whole are plotted in the figure as a function
of pressure for January and July. In the Northern
Hemisphere rms errors tend to be largest in the 0-30°N
zone where the station network is relatively poor.
The more dense station network in the 30-90°N zone
apparently measures the larger spatial variations in
the normal #, 7, T and Z fields very well. However,
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in the Southern Hemisphere it is clear that the worst
results are found in the extratropics and not in the
tropics. This is in part related to the less dense network
in the SH extratropics, and also associated with the

larger spatial variations in the #, 3, T and Z fields
at high latitudes.

b. Comparison of meridional cross sections

To further illustrate the type of errors associated
with spatial gaps in the rawinsonde network two sets
of meridional cross sections will be compared here.

The first set (top diagrams) is based on the full model
analyses (information at all 1353 grid points in each
hemisphere) and the second set (bottom diagrams)
on the rawinsonde model analyses (information at
only 414 grid points in NH and 110 in SH). Shown
are zonal mean pole-to-pole cross sections for the
zonal wind component, the meridional streamfunc-
tion, the eddy kinetic energy and the eddy northward
transport of total emergy in Figs. 5-8, respectively.
These quantities have been selected to illustrate some
of the key differences between the two analyses. The
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.description for a more complete list of general circula-
tion parameters will be postponed to the next
subsection.

The mean zonal wind patterns for January (Fig. 5a)
and July (Fig. 5b) are remarkably similar in the
Northern Hemisphere. However, south of 10°N the
analyses begin to deviate. For example, for January
in - the inner tropics near 400 mb the rawinsonde
model analyses give mean westerlies of 1 to 2 m s
while the full model analyses give stronger westerlies
of 3 to. 4 m s'. Also in the upper troposphere the

rawinsonde analyses give too strong easterlies. The
main reason for these discrepancies is probably the
lack of rawinsonde stations in the tropical Eastern
Pacific Ocean (see Fig. 1). Over that area at 200 mh
the control data in the model atmosphere show the
existence of fairly strong westerly winds in a zonal
belt otherwise occupied by easterlies. However, in the
rawinsonde case because of extrapolation from other
longitudes weak easterlies are also found over the
eastern Pacific. It is interesting to note that in real
atmospheric analyses a similar bias is evident if one
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compares the analyses based on rawinsonde stations
alone with those based on both rawinsonde and air-
craft reports over that area (Sadler, 1975). This fact
already provides some justification for our earlier
assertion that many of the conclusions based on the
present model tests will also be valid for the actual
atmosphere. In the Southern Hemisphere one finds
large discrepancies in January at all latitudes. Although
the location of the maximum zonal current at 40°S
is the same, the isolines are too much spread out in

the north-south direction in the rawinsonde case. The .

largest differences between the control and rawinsonde
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model analyses are found in the 50-70°S belt where
the station network is also the poorest. Surprisingly,
the July case comparison is very good, especially in
the Southern Hemisphere. This is probably fortuitous
since the rms values in Table 3 and Fig. 4 show
similar errors for January and July.

One of the most sensitive parameters in the general
circulation is probably the mean meridional velocity.
The associated streamfunction in the (y,p) plane is
shown in Fig. 6 for January and July. In the Northern
Hemisphere the rawinsonde model seems to reproduce
the essential features of the full model, such as the
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strong tropical Hadley cell, a weaker mid-latitude and intensity of the SH Ferrel cell will lead to very
Ferrel cell and an ill-defined polar cell. There are serious errors in the computed transports of angular
slight differences in the intensity and orientation of momentum and heat by mean meridional overturnings.
the cells. In the Southern Hemisphere the situation In fact, it will be shown in the next subsection that
- is very much worse. One finds hardly any correspon- the resulting transports based on the rawinsonde
dence in the mean meridional cells south of about 20°S  network are unusable in the SH extratropics. This
between the full and the rawinsonde model analyses. seems to be one of the major stumbling blocks for
In middle latitudes an indirect Ferrel cell is in evi- global budget studies. In our recent, real data analyses
dence in both cases but the rawinsonde analysis for the globe a similar result was found in the actual
centers it 10° to 15° latitude too far south, and makes atmosphere, i.e., an unreasonably strong Ferrel cell
it a factor 2 or 3 too strong. These errors in location in the Southern Hemisphere.
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F16. 9. Meridional profiles of the vertical- and zonal-mean values of the zonal
wind component (m s71), temperature (°C), geopotential height (gpm), and specific
humidity (g kg™) for the full ZODIAC model fields (solid) and for the rawinsonde
simulated ZODIAC model fields (dashed) for January (a) and July (b).

The third parameter to be discussed here is the
eddy kinetic energy. It consists of a transient and
a stationary eddy component. These components are
defined as

EKE=TEKE+4SEKE
= ([ ]+[07]) /24 ([ ]+ [7*])/2,

where the overbar and prime indicate a time mean
and the departure from the time mean, and the
brackets and starr indicate a zonal mean and the
departure from the zonal mean, respectively (see also
Appendix). Meridional cross sections of EKE are
given in Fig. 7. It will be shown later that the tran-
sient eddy kinetic energy can be estimated fairly well
based on the rawinsonde network. The reason is
probably the predominantly zonal character of the
transient eddy quantities in both hemispheres that
necessitates only a fair distribution of rawinsonde
points in the meridional direction. On the other hand,
the stationary eddy quantities are, of course, de-
termined by the east-west asymmetries, and require
therefore in addition a relatively uniform distribution
of stations along each latitude circle. The appropriate
number and location of the stations required depends
on the scale of the dominant east-west anomalies at
that latitude. Fortunately, in the Southern Hemi-

sphere the earth’s surface is mostly covered by oceans,
and thus quite uniform in the zonal direction. Because
of this-uniform lower boundary the stationary com-
ponent is only on the order of 209, of the total eddy
kinetic energy in the Southern Hemisphere. Con-
sequently, the estimates of EKE for the control and
rawinsonde cases shown in Fig. 7 agree well in the
Southern Hemisphere in spite of relatively large dis-
crepancies in the (small) absolute values of the sta-
tionary eddy component (not shown here). In the
Northern Hemisphere, almost 409, of the eddy kinetic
energy is in the stationary component. In spite of
the better network the stationary component is about
309% too low compared to that in the full model,
and a sizeable error is made in estimating the total
Northern Hemisphere EKE. This is evident at all
latitudes when one compares the full and rawinsonde
model cross sections in Fig. 7. For example, the low-
level equatorial maximum in EKE during January is
even missing in the rawinsonde model case. The sig-
nificant underestimation of the NH stationary eddies
at all latitudes in the rawinsonde case seems sur-
prising in view of the assumed adequacy of the network
in the Northern Hemisphere. This is a new and prob-
ably significant result of the present study.

The fourth and last parameter that we will discuss
presently is the northward transport of total energy
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F16. 10. Meridional profiles of the vertical- and zonal-mean transient eddy kinetic
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model fields (solid) and for the rawinsonde simulated ZODIAC model fields (dashed)
for January (a) and July (b). Units are in m? s72.

by eddies. The total energy is defined here as the sum with the full-model analyses one finds excellent,

of sensible heat, potential energy and latent heat. quantitative agreement in the Northern Hemisphere.

Cross sections for January and July are shown in. Apparently the underestimation of the stationary

Fig. 8. Comparing again the rawinsonde model analyses eddies does not noticeably affect the total eddy trans-
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Fic. 11. Meridional profiles of the vertical- and zonal-mean variance of the zonal
wind component (m? s™?), the meridional wind component (m? s7?), the tempera-
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(solid) and for the rawinsonde simulated ZODIAC model fields (dashed) for January
(a) and July (b).
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F1G. 12. Meridional profiles of the vertical- and zonal-mean momentum flux due
to transient eddies, due to stationary eddies, due to mean meridional circulations and
due to all types of motions for the full ZODIAC model fields (solid) and for the
rawinsonde simulated ZODIAC model fields (dashed) for January (a) and July (b).

Units are in m? s72,

port of energy. In the Southern Hemisphere one
recognizes the same maxima in transport in the lower
troposphere in the two analyses, but the rawinsonde
analysis tends to lead to an underestimate of about
30% in SH transports at middle and high latitudes.
Nevertheless, the overall agreement in this eddy com-
ponent of the energy transport appears satisfactory.

The present conclusion is in sharp contrast with our"

earlier statement about the contributions by mean
meridional circulations which were discussed in con-
nection with Fig. 6. The values of these last trans-
ports based on the SH rawinsonde network were found
to be unusable for SH budget studies.

c. Comparison of vertical and zonal mean parameters

For an overall picture of the errors caused by spatial
gaps in the station network a more complete set of
atmospheric variables will be discussed now, but in
a much simplified form. Thus first the three-dimen-
sional fields have been averaged in both the zonal
and vertical directions, so that only a Iatitudinal
dependence remains. For each quantity two curves
will be shown as a function of latitude, a solid curve
for the full model or control case, and a dashed curve
for the rawinsonde model case. The comparison of the

two curves will yield a coarse measure of the adequacy
of the rawinsonde network to measure one of the
essential parameters of the full model atmosphere.
The curves for the linear quantities, the transient
plus standing eddy variances, the kinetic energy, the
northward momentum transport, the northward water
vapor transport and the northward energy transport
are shown in Figs. 9-14, respectively. A close cor-
respondence between the solid and dashed curves
does not imply a close correspondence between me-
ridional cross sections such as shown for example in
the previous subsection, nor will it guarantee agree-
ment between the horizontal fields as given by the rms
errors in Section 7a. Nevertheless, these gross averages
constitute a simple and useful measure, and supply
additional information concerning the nature of errors
to be expected also in real atmospheric analyses.
If the present comparisons show a discrepancy, one
can be fairly certain that much more serious dis-
crepancies occur in the three-dimensional fields. In
either case the reader should go back to the tables or
figures in previous sections for further information.
The zonal wind component in Fig. 9 shows the
same problems as discussed before in connection with
Fig. 5, namely, too strong easterlies in the inner
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rawinsonde simulated ZODIAC model fields (dashed) for January (a) and July (b).-

Units are in m s g kg™,

tropics and a too much widening of the SH jet. The
curves for temperature and geopotential height and
humidity agree well and seem therefore rather insen-
sitive to the station distribution. .

The curves for the kinetic energy in Fig. 10 illus-
trate well the difference in present ability to measure
transient eddy and. stationary eddy contributions.
The transient eddy part is well simulated but the
stationary part is grossly underestimated. This is
especially true for the zonal component, as will be
shown in the next figure. The errors made in the
total kinetic energy include, of course, those made
in the zonal mean component. Based on the errors
found in the cross sections of the zonal wind itself
in Fig. 5 one can explain the spreading out of the
profile of total kinetic energy in the Southern Hemi-
sphere mainly by the errors made in the mean
component. '

In the case of the variance of the horizontal wind
components in Fig. 11, the deficiencies in the rawin-
sonde network to adequately represent the stationary
eddies are again evident, especially in the zonal com-
ponent. On the other hand, the meridional distribu-
tions of the temperature and humidity variances are
reproduced fairly well.

The momentum transport curves in Fig. 12 bring
out some new interesting points. Considering first the
transient eddy component the discrepancies are rela-
tively small, except near 60°S where no rawinsonde
stations are available in a 10° latitude wide zone.
Large differences are found in the standing eddy
fluxes at all latitudes in both hemispheres. In January
even the sign of the equatorial flux is in error, i.e.,
the flux is not from winter to summer hemisphere
at it probably should be. The mean meridional cir-
culation flux in middle latitudes of the Southern
Hemisphere is greatly in error, especially in July.
The reason for this is the too intense, indirect Ferrel
cell in the rawinsonde case as depicted before in
Fig. 6. In summary, the total transport of momentum
appears reasonably well measured in the Northern
Hemisphere and rather poorly in the Southern Hemi-
sphere especially during the winter season.

The graphs of the transport of water vapor in
Fig. 13 show deficiencies similar to those discussed
for momentum. However, the discrepancies are some-
what smaller because the water vapor field is a much
more slowly varying and more uniform field than the
momentum field. The poleward transient eddy trans-
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TasLE 4. Hemispheric and global mass-weighted averages of various parameters for the full ZODIAC
model and in parentheses for the rawinsonde network simulation of the ZODIAC model.

January January . July July
Northern Southern January Northern Southern July )

Parameter Hemisphere Hemisphere globe Hemisphere Hemisphere globe Units
% 9.56 (  9.32) 5.19( 5.11) 738 ( 1.22) 2.08( 1.66) 8.82 ( 9.13) 545( 5.40) ms
@ cose 7.35( 17.15) 3.92( 3.64) 5.64 ( 5.40) 1.33(  0.91) 6.73 (  6.93) 403( 392) ms™

T —23.73 (—23.76) —19.11 (—19.10) —21.42 (—21.43) —15.41 (—15.36) —23.69 (—23.85) —19.55(—19.60) °C

=t —103( —103) 11 ( 11 ) —46 (—46 ) 100 (101 ) —95 (—98 ) 2. ( 1 ) gpm
g 1.97( 1950 264( 2.63) 231 ( 2290 342( 341) 1.92( 1.89) 267( 2.65) gkg?
MKE 1036 ( 989 ) 484 ( 436) 760 ( 71.2) 139 ( 12.7) 1059 (1056) 399 ( 359.2) m?s?
SEKE 31.0 ( 20.6) 99 ( 52) 204 ( 128) 134 ( 99) 134 ( 58) 134 ( 78) mPs?
TEKE 410 ( 406) 358 ( 369) 384 ( 388) 268 ( 267) 492 ( 524) 380 ( 39.5) m?s?
KE 1756 (160.1) 941 ( 85.7) 1348 (1229) 541 ( 493 ) 168.5 ( 163.8) 1113 (1066 ) m?s?
u? 433 ( 429) 352 ( 37.5) 392 (40.2) 297 ( 294) 476 ( 519) 386 ( 406) m?’s?
I 387 ( 384) 364 ( 363) 376 ( 374) 239 ( 240) 509 ( 529) 374 ( 384) mrs?

T 101 ( 98) 58 ( 65) 79 ( 82) 47 ( 46) 84 ( 178) 65 ( 62) °C
7 1.62( 1.62) 222( 235  1.92( 199 28 ( 283 153( 157) 281( 2.20) grkg?
W 470 ( 288) 13 3 ( 58) 302 ( 173) 198 ( 138) 185 ( 75) 192 ( 10.6) m?s?
p*2 149 ( 124) 5 ( 45) 107 ( 84) 71 ( 6.0) 84 ( 41) 77 ( 50) m?s?

Tw 169 ( 15.7) 5 ( L7) 7 ( 87) 50 ( 45) 32 ( 15) 41 ( 30) c°c

Fad 7780 ( 7350) 939 (527 ) 4360 ( 3938) 2070 ( 1870) 1190 ( 493 ) 1630 ( 1182) gpm?
a* 0.85( 0.79 0.95 ( 0.86) 090 ( 0.82) 1.09( 0.88) 0.60 (  0.46) 0.85( 0.67) gkg™

t Departure from standard atmosphere.

ports appear well measured, while the stationary eddy
transports are consistently too weak. The errors in
the mean meridional transports reflect again the dif-
ficulties in measuring the mean meridional streamflow.
Because the SH Ferrel cell is too strong in the rawin-
sonde model, its lower branch transports too much
water vapor toward the equator. The shape of the
total transport curves at the bottom of Fig. 13 show
reasonable correspondence over the entire domain of
latitude.

Finally, the energy fluxes presented in Fig. 14 are
subject to errors resembling those in the momentum
and water vapor fluxes. However, in this case the
mean meridional - circulation estimates seem to be
even worse than for the earlier quantities. One can
make here the general statement that reasonable
global energy flux estimates are not possible based
on the present rawinsonde network alone, and that
additional Southern Hemisphere data are absolutely
essential. ,

d. Comparison of hemispheric and global mean
paramelers

In this final subsection the errors in the parameters
will be discussed after they have been area averaged
over one hemisphere or over the entire globe and mass-
weighted averaged in the vertical. This discussion
may throw some light on the question of reliability
of “observed” climatic trends in the real atmosphere.
Through the various averaging processes in time and
space, of course, most errors become progressively
smaller going from local to global mean estimates.

Nevertheless, sizeable errors still remain as will be
seen next. Both the control values as well as the
rawinsonde model estimates (in parentheses) are pre-
sented in Table 4 for many climatic variables for the
months of January and July. The difference between
the control and estimated values gives the desired
error estimate for the particular variable.

In case of the zonal wind component the January
NH value is underestimated by 0.24 m s, while in
July the NH estimate is 0.42 m s too low. Going
back to the meridional profiles in Fig. 9, the reason
seems to be that almost all NH values at latitudes
south of 55°N have been underestimated. In case of
the product of the zonal wind component and cose,
which is a measure of the relative angular momentum,
the NH discrepancy in July becomes even worse
because more weight is given to the contributions at
low latitudes. It is interesting to note that through
a compensation of errors in both hemispheres, the

- global underestimate is only about 19,

In view of the recent interest in global tempera-
ture trends the error in monthly mean temperature
was also computed for four additional winter months.
The results are shown in Table 5. The probable error
is found to be about 0.05°C or less for the Northern
Hemisphere, 0.1 to 0.2°C for the Southern Hemisphere,
and 0.1°C for the globe. The actual observed year-
to-year “trends” are typically on the order of 0.1°C
per year with superimposed random month-to-month
variations of about 0.2°C (Starr and Oort, 1973;
Angell and Korshover, 1975). Therefore, one may
tentatively conclude that global trends in temperature
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rawinsonde simulated ZODIAC model fields (dashed) for January (a) and July (b).

Units are in m s~ °C.

can indeed be determined based on the present rawin-
sonde network.

In case of the geopotential height the errors are
about 1 m or less, and in case of the specific humidity
about 0.02 g kg™

The estimates for the kinetic energy components
give percentage errors of about —5 to —109%, for
the mean component, —30 to —60%, for the sta-
tionary eddy component, —1 to +6%, for the tran-
sient eddy component, and —5 to —109, for the
total energy. Thus it is found that the relative error
in the stationary eddy component is by far the largest.

The transient eddy variance statistics as a group
seem .to show some tendency to be underestimated
in the Northern and overestimated in the Southern
Hemisphere. In absolute value, the percentage errors
are a few per cent in the Northern and up to 109 in
the Southern Hemisphere.

Finally, the stationary eddy variance statistics show
again very large errors. In the zonal wind component
they are of the order of —40 to —60%, in the me-
ridional component —20 to —509, in the tempera-
ture —10 to —50%, in the geopotential height —10
to —60%, and in the specific humidity —10 to —20%,.

8. Summary of conclusions and final remarks

In this paper the problem investigated was to
what extent the present distribution of rawinsonde
stations is adequate to deduce the atmospheric struc-
ture and its variability in space and time over the
globe. With the aid of numerical output from a two-
year integration of a global climate model, it was
shown how large the influence of temporal and spatial
data gaps would be on atmospheric model statistics,
and by inference also on real atmospheric statistics.
The tests on spatial data gaps were performed by
witholding information at all grid points more than
200 km away from any rawinsonde station, and by
assigning new interpolated values to these grid points
through an objective analysis scheme. To simulate
the real atmospheric situation as well as possible, the
same statistical treatment of the model data at each
“rawinsonde” grid point, as well as the same objective
analysis methods were used as in previous real atmo-
spheric analyses. Various comparisons between the
results of the simulated model version with those of
the full model provided a direct measure of the defi-
ciencies of the rawinsonde network over different

parts of the globe. -
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Besides the errors related to spatial data gaps,
estimates were provided of the uncertainty due to
other sources of errors. Discussed were also instru-
mental errors in the basic daily soundings (Section 4),
errors due to interpretation of the local soundings as
being representative for large-scale conditions (Sec-
tion 4), deficiencies of the particular objective analysis
technique used (Section 5), and errors due to gaps
in the time series at each station (Section 6). The
uncertainties caused by the analysis technique itself
are, of course, closely related to the distance between
rawinsonde stations and thus to the data gaps. How-
ever, it was argued that the use of any other, reason-
able analysis technique would not materially have
changed the results of the spatial data gap tests.
Of the other errors, the possible nonrepresentativeness
of the local sounding due to microscale or mesoscale
variabilty was found to be the next most important
source of error.

Let us list some of the results of the spatial data
gap experiments:

1) Typical rms wind errors in # and ¥ averaged
over a hemisphere are 2-3 m s, increasing for % to
5-6 m s~ near jet stream levels. Temperature errors
in T are on the order of 0.5-1°C in the free atmo-
sphere and 2-3°C in the surface boundary layer.
Errors in Z in the upper troposphere range between
20 and 30 gpm. Errors in mean humidity decrease
with height from 1-2 g kg™ near the surface to
0.3 g kg~ at 500 mb.

2) Rms errors in the Southern Hemisphere are
somewhat larger than in the Northern Hemisphere.
The NH rms errors are noticeably smaller in summer
than in winter but little seasonal variation is found
in the SH.

3) Meridional cross sections showed clearly the
problems in the Southern Hemisphere. The simulated
SH jet stream in January was excessively spread out

TaBLE 5. Temperature difference (°C), rawinsonde network
simulation minus full ZODIAC model, averaged over entire mass
(below 75 mb) of Northern Hemisphere, Southern Hemisphere
and globe.

Northern Southern

Month Hemisphere Hemisphere  Globe
January, year 1 0.01 —0.01 0.00
February, year 1 —0.03 0.17 0.07
December, year1 ~ —0.03 0.09 0.03
January*, year 2 —0.03 0.01 —0.01
February, year 2 0.00 0.19 0.10
July*, year 2 0.05 —0.16 —0.05
Averagetstandard —0.00-:0.03 0.05+0.12 0.02+0.05

deviation

* Only January and July for the second year of integration were
used in the calculations described earlier in the paper.
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toward high latitudes “into the almost data-void
latitude belt at 50°-70°S. The most serious problems
were found in the meridional streamfunction. In the
Northern Hemisphere only slight differences in inten-
sity and orientation of the cells were computed.
However, in the Southern Hemisphere the indirect
Ferrel cell was found about 10° to 15° too far south
and a factor 2 or 3 too strong. This discrepancy
makes the computation of SH mean meridional cell
transports on the basis of rawinsonde stations prac-
tically impossible.

4) As regards the eddy variances and covariances,
the transient components were generally simulated
quite well over the entire globe probably because of
their zonally uniform character. Although the sta-
tionary eddy components are highly unreliable over
the Southern Hemisphere, this is not such a serious
problem in the overall balances because their contri-
butions are small compared to the transient ones.
It was rather surprising to find that in the Northern
Hemisphere the stationary kinetic energy was under-
estimated by about 309, in spite of the better network.
This result may vindicate some of the model results
of the stationary eddies that were thought to be too
intense compared to the “real” observed values.

5) A table comparing hemispheric and global mean,
estimated values with the true model values gave
the first quantitative information on the extent to
which various climatic indices, such as the global
temperature trend, can be expected to be measurable
in the actual atmosphere.

6) Additional data sources are essential to define
the fluxes by the mean meridional and stationary
eddy circulations in the Southern Hemisphere. New
rawinsonde stations, aircraft soundings, and/or satel-
lite derived wind statistics should be obtained over
the data void regions in order that reliable global
budget studies will become possible.

Finally, the following points may be mentioned:

1) Tests similar to those described in Section 7,
but for five different winter months of the ZODIAC
model, have been performed in an earlier study (Oort,
1977). These tests made an evaluation possible of our
present ability to measure, besides the long-term
mean, also the range of the interannual variability.
It was shown that in the NH, based on data from
the actual rawinsonde network, such an evaluation
is indeed possible, and that it can be expected to
give realistic results for most large-scale circulation
parameters. In other words, tle station distribution
seemed adequate in the NH to catch interannual
shifts in the long-wave patterns.

2) In a recent paper it was suggested that the
oceans play a more crucial role in the heat balance
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of the earth than was believed previously (Oort and
Vonder Haar, 1976). For example, residual calcula-
tions showed a very large seasonal variation in the
oceanic heat transport reaching near 10°N a maximum
amplitude of 3.6X10% W in the annual component
and 3.2X10% W in the semiannual component. Of
course, the errors in the measured individual com-
ponents of the heat balance (i.e., the total energy
transport required by satellite radiation measurements,
the transport by the atmosphere, and the atmospheric
and oceanic rates of heat storage) will all affect the
residual to make it less reliable. The results presented
in Fig. 14 of the present paper throw some light on
one possible source of errors, namely the determina-
tion of the atmospheric energy transport. At low
latitudes this transport is dominated (both in the
model and in the real world) by the mean meéridional
Hadley circulation which is generally thought to be
difficult. to measure. When converted to the same
units, the graphs in Fig. 14 show that the rawinsonde
network tends to overestimate the northward heat
transport in the atmosphere in January by about
1X10% W, and underestimate it in July by about
the same amount. Although these values are higher
than the 959, confidence limits of 0.5X10% W esti-
mated on other grounds in the earlier paper, it is
clear that the large seasonal cycle in the residual
ocean transport cannot be explained by errors in the
evaluation of the atmospheric transport.

3) Another extension of the present work would
be to analyze the influence of data gaps on daily
maps instead of on monthly mean maps. However,
in that case, the present analysis technique would
not be useable because of the high wavenumber com-
ponents present on a daily map. Another technique,
for example, a four-dimensional analysis scheme as
described by Miyakoda et al. (1976) or Simmonds
(1976) or a multivariate statistical scheme as de-
scribed by Schlatter et al. (1976), could be used.
Furthermore, the analysis could be extended to in-
clude more complicated parameters, such as energy
transformation and generation rates.
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APPENDIX
‘List of Symbols and Definitions

Cp specific heat at constant pressure
E ¢»T+gz+ Lg=total energy per unit mass

EKE eddy kinetic energy per unit mass
=TEKE+SEKE
{= w1+ [ D)/2+ (a2 ]+ [3*2])/2} -
g acceleration due to gravity
KE  kinetic energy per unit mass [ = (u?+1?)/2]
L heat of condensation
MEKE mean kinetic energy per unit mass
[=aP+[1)/2]
p pressure
o pressure at ground level (where there are no
mountains po=1012.5 mb)
Pt top level of vertical integration (=75 mb)
q specific humidity (usually in units of grams
of water vapor per kilogram of moist air)
t time - : '
T temperature
u zonal wind component (positive if eastward)
v meridional wind component (positive if
northward)
z geopotential height
A . geographic longitude
¢ geographic latitude
¥(p) meridional streamfunction
ﬁov 27
[= [ / va cos¢d)\dp/g]
P 0
A time average of A -

[-omir [ aa]

A’ departure from time average of 4 [=4—A4]

d 27
[A]  zonal average of 4 [= (2x)? / Ad)\]
0
A* departure from zonal averageof A [=4—[47]
4 mass weighted “vertical” average of 4
Po
[~ [ 0 ]
Pt
A" deviation from “vertical” average 4 [=4—A47].

Examples of nomenclature follow:

1. [A%)=[A%]4+[A*]-+[A) T where
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[A]=variance of 4 resulting from transient eddies

[A**]=variance of 4 resulting from standing (or sta-
tionary) eddies

2. A=A +[*A*]+ [#][A] where

[vA"}=meridional transport of A resulting from
transient eddies

[#*A*]=meridional transport of A resulting from
standing eddies

[#][A]=meridional transport of A resulting from
(standing) mean meridional circulations.
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