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ABSTRACT

A number of Northern Hemisphere circulation fields and statistics are derived for the months of January
and June 1979 from level 11I-b analyses produced by GFDL using a 4-dimensional data assimilation scheme
which incorporates measurements from a wide variety of sources. In particular, hemispheric maps and zonal
cross sections of the wind, specific humidity, and the eddy fluxes of momentum, heat and moisture are
examined. Certain quantities related to the atmosphere’s energy cycle are also considered. These fields and
statistics are compared with those derived from analyses that rely solely on the conventional rawinsonde
station data taken during the same months. In the case of the monthly mean zonal and meridional winds,
we also present results based on the level I1I-b analyses of the ECMWF.

The station-based analyses yield zonal mean statistics and hemispheric integrals that are generally
comparable to those from the level IlI-b analyses. For example, the intensity of the Northern Hemisphere
Hadley cell in January produced by the station analyses lies between those of the III-b analyses, which differ
by as much as 35%. On regional scales, however, there are some large differences in the circulation fields
between the station-based and level III-b analyses over areas of sparse station coverage. For example, the
station-based analysis of the 200 mb field of transient eddy momentum flux in January does not include a
significant region of northward flux over the northeast Pacific that is contained in the GFDL analysis. It is
not yet clear, though, to what extent model biases may be affecting the GFDL analysis in this or in other
station-sparse areas. In the case of the subtropical Pacific jet in January, the station-based analysis appears to
underestimate its extent, but there are also considerable differences between the two level III-b analyses in
this region. In addition, the GFDL analyses often appear to be noisy. Improvements in the level Il-b analyses
need to be made before full confidence can be placed in results based on modern data assimilation techniques.
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1. Introduction

The traditional source of atmospheric circulation
statistics has been the set of observations collected at
the network of upper-air sounding stations. A com-
prehensive collection of such station-based statistics
has recently been published by Oort (1983), for
example. Gaps in the spatial distribution of the
stations, particularly over the oceans, raise inevitable
questions, however, about the accuracy of such sta-
tistics. Oort (1978) addressed these questions with the
aid of numerical model simulations, but further ex-
amination of the issue is certainly warranted.

The extensive data set gathered by the First GARP
Global Experiment (FGGE) offers an opportunity for
such a further examination. Extraordinary efforts
were made during the FGGE to fill the rawinsonde
station-void regions of the globe with observations
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from a variety of other platforms, including aircraft,
ships and satellites. The resulting assortment of mea-
surements has been combined using numerical fore-
cast/assimilation models to generate so-called level
III-b global grid point analyses of the atmosphere for
the FGGE year. An important question is whether
circulation statistics derived from these level III-b
analyses reveal important features that have been
missed by the station network during FGGE and
possibly, therefore, in earlier years as well. Or do the
level 1II-b statistics provide a view of the general
circulation that is reasonably similar to that given by
the rawinsonde stations alone? Answers to these
questions are an important goal of the work reported
here.

Because the techniques used to generate grid point
analyses like the level III-b analyses involve blending
observations with an initial guess provided by a
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forecast model, biases in the model or other elements
of the assimilation scheme can affect circulation
statistics derived from these analyses. An extreme
example of this, shown by Rosen and Salstein (1980),
is the complete absence of mean meridional cells
from an early version of the National Meteorological
Center (NMC) analysis. With regard to the FGGE
level III-b analyses, Kung and Tanaka (1983) have
already discovered that the intensity of the energy
cycle is quite sensitive to the data assimilation used.
Another goal of our research, therefore, is to help
assess the effects of the FGGE data assimilation
schemes on large-scale circulation statistics. This as-
sessment may, in turn, yield insights into means for
further improving existing data assimilation ap-
proaches.

Level IlI-b analyses for the entire FGGE year have
been made at the Geophysical Fluid Dynamics Lab-
oratory (GFDL) of the U.S. National Oceanic and
Atmospheric Administration, and at the European
Centre for Medium Range Weather Forecasts
(ECMWEF). Because a number of diagnostic calcula-
tions based on the ECMWF analyses are already
available (for example, Kanamitsu, 1981; Bengtsson
et al., 1982b; Bengtsson, 1983; Lorenc and Swinbank,
1984), we focus here on circulation statistics derived
from the GFDL analyses and on comparisons of the
GFDL statistics with those derived from FGGE ra-

~winsonde data. In this respect, the current study
resembles those by Rosen and Salstein (1980) and
Lau and Oort (1981, 1982), in which statistics derived
from NMC analyses were contrasted with those from
contemporaneous rawinsonde data in order to assess
the merits and weaknesses of each. As in these earlier
papers, we consider circulation statistics derived in
what Oort (1964) labeled the mixed space-time do-
main, therecby separating eddy quantities into their
traditional standing and transient components.

In some instances, results from the ECMWF level
III-b analyses are also included here to compare the
impact of two different assimilation schemes. Given
the complexities involved in generating level III-b
analyses, it may not always be possible to identify
the cause for differences that emerge between the two
I1I-b analyses. Even so, it remains important simply
to document that such differences exist, because they
serve as a measure of the uncertainty in using the
FGGE data to define the general circulation. More-
over, because both the GFDL and ECMWEF level
III-b analyses are being used widely in a variety of
studies, a general appreciation for the nature of the
differences between them is highly desirable.

Results are presented here for only two individual
months of the FGGE vyear, January and June 1979.
Both months were part of FGGE Special Observing
Periods (SOPs), during which intensive data sets were
collected and special in situ platforms, such as the
tropical wind observing ships, were deployed. The
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better data coverage during these two months warrants
the restriction to them here, although some of our
conclusions must, of course, be tempered by the
shortness of these samples. Also, our purpose here is
not to present a complete compendium of circulation
statistics. An atlas containing an extensive set of such
statistics for the entire FGGE year based on the
GFDL analyses, and including comparisons with the
ECMWEF analyses for the SOPs, has been prepared
by Lau (1984a,b).

2. Data and analysis
a. Upper-air station data

Although station-based climatologies of circulation
statistics do exist against which we'can compare the
FGGE level III-b statistics, the degree of interannual
variability in monthly mean circulation fields is large
enough to question the usefulness of such an approach.
We, therefore, chose to work with the rawinsonde
data collected during the FGGE itself to create station-
based statistics.

All observations from the fixed upper-air stations
and the tropical wind observing ships (TWOS) for
0000 GMT were acquired for the months of January
and June 1979 from the Main Level II-b data set
archived at the World Data Center-A (Asheville).
These observations were screened for gross errors,
inconsistent station locations and duplicate reports.
Then means, variances and covariances of the quan-
tities , v, T and ¢ (zonal wind, meridional wind,
temperature and specific humidity, respectively) were
formed at each standard level (surface, 1000, 850,
700, 500, 400, 300, 250, 200, 150, 100, 70 and 50
mb) of each station, separately for each of the two
months. For stations north of 30°N, levels that
contained fewer than 15 observations for the month

. were dropped from further analysis; the cutoff criterion

was lowered to 10 observations for tropical stations,
although the bulk of the tropical stations did pass the
stricter criterion. In addition, monthly station values
at a given level that departed from the average of all
the stations by more than 3 standard deviations were
subjected to further scrutiny, which in a few cases
resulted in their being dropped.

Rawinsonde information was available during the
SOPs not only from the fixed station network but
also from the TWOS, which in many cases were
maintained at fixed or nearly fixed sites. In these
cases, daily values were included in the monthly
mean, variance and covariance statistics only when
the ship lay within a certain radius of its monthly
mean position (generally about 250 km). In all other
respects, the data from the TWOS were handled in
the same manner as those from the fixed upper-air
stations.

Despite the extensive efforts made for the FGGE,
the rawinsonde coverage south of about 20°S re-
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mained inadequate that year for analyses of the
Southern Hemisphere (SH) based on these data alone.
Therefore, results are presented for the Northern
Hemisphere (NH) only, which, however, do make
use of the tropical Southern Hemisphere data to
guide the analysis in the equatorial region. Table 1
contains the number of stations north of 20°S that
passed the cutoff criterion at each level for January
and June. Included in the table are statistics for 950
and 900 mb, despite the lack of directly observed
winds at these two non-standard levels, Monthly
mean winds at these two levels were obtained by
interpolating between 850 mb and the closer of the
surface or 1000 mb, when possible. This had the
desirable effect of incorporating some surface level
information into our analysis.

A comparison between Table 1 and a similar table
for the winter of 1976/77 given by Rosen and Salstein
(1980) indicates a slight, but definite, increase in the
number of stations reporting during the FGGE. The
most important factor influencing the quality of the
station-based analyses, of course, is the spatial distri-
bution of the stations. Figure 1 contains hemispheric
maps of the stations that passed the cutoff criterion
at the 850 and 200 mb levels for January and June
1979. The most significant differences in station
distribution between the two months are the shift in
location of an array of TWOS within the Indian
Ocean, and somewhat lesser coverage in January over
eastern Africa and the northern coast of South Amer-
ica. Overall, the distribution of upper-air stations
during the SOPs resembles that of other recent years,
with a preponderance of stations located over the
land in mid-latitudes and large data voids over certain
oceanic areas. Some of these voids were at one time
filled by the ocean weather ships.

Important improvements in the station network
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during FGGE are also evident, however, particularly
in the equatorial Atlantic with the inclusion of the
TWOS and in South America and Africa. Many of
the upper-air measurements over Africa were actually
made with pilot balloons and not rawinsondes and
hence provide low-level wind data only. The coverage
in the tropical west Pacific and in portions of the
Indian Ocean has also been improved somewhat.

Having formed monthly mean statistics at each
station, the next task was to translate this information
onto a regular array of grid points. The approach for
doing so utilizes objective analysis algorithms de-
scribed in some detail by Oort and Rasmusson (1971)
and Rosen et al. (1979). Essentially, the analysis
scheme consists of prescribing an initial guess field
independently for each quantity over an array of
points which project onto a polar stereographic map
of the globe from the North Pole to about 20°S. In
data-rich regions, the initial guess is modified simply
by interpolating corrections based on the station
values of the quantity to the surrounding grid points.
In data-sparse regions, the analyzed field is mathe-
matically constrained to maintain the same shape
(i.e., the same Laplacian) as the initial guess field
there. Finally, smoothing operators are employed and
steps are taken to ensure that the analysis does not
generate unreasonable values of horizontal wind di-
vergence.

Although the initial guess has little impact in the
data-rich areas, it does exert a strong influence in
data-sparse regions. Because large portions of the
hemisphere do not contain upper-air stations, the
influence of the initial guess can be seen even in
zonal mean statistics. To provide a measure of this
uncertainty in some of the station-based statistics, we
will present a few results based on different choices
of initial guess.

TABLE 1. Number of stations used to construct the station-based horizontal wind analyses at each level
for January and, in italic, June 1979.

Distribution of stations by latitude belt

Level Total number
(mb) of stations 20°S-Equator Equator-30°N 30°-60°N 60°N-pole
1000 411 (364) 23(23) 128 (109) 185 (160) 75 (72)
950* 564 (555) 313D 148 (148) 298 (285) 87 (91)
900* 620 (611) 32 (32) 153 (155) 347 (33D 88 (93)
850 898 (891) 96 (88) 262 (275) 449 (434) 91 (94)
700 851 (869) 69 (73) 247 (258) 445 (439) 90 (99)
500 747 (758) 60 (56) 196 (195) 402 (410) 89 (97)
400 721 (732) 58 (53) 186 (188) 389 (392) 88 (99)
300 701 (728) 58 (53) 180 (187) 376 (390) 87 (98)
250 696 (714) 55 (52) 178 (183) 374 (383) 89 (96)
200 681 (713) 53(53) 171 (180) 369 (384) 88 (96)
150 649 (692) 47 (50) 160 (172) 354 (374) 88 (96)
100 610 (653) 43 (44) 144 (161) 339 (355) 84 (93)
70 512 (566) 26 (31) 126 (138) 286 (310) 74 (87)
50 455 (532) 19 (22) 118 (124) 261 (302) 57 (84)

* Data obtained from interpolation of values at 850 mb and at either surface or 1000 mb.
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Station Distribution

January 1979

FIG. 1. Maps of rawinsonde stations that passed cutoff criterion for winds at 850 and 200 mb during January and June 1979.
Asterisks denote monthly mean location of tropical wind observing ships (TWOS) used in our analysis.

b. Level IlI-b data helped stimulate the development of sophisticated
data assimilation techniques at both GFDL and

The desire to utilize measurements from the wide ECMWF. Although both centers have global circu-
host of observing platforms available during the FGGE lation models at the heart of their data assimilation
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systems, their approaches are otherwise quite distinct.
At GFDL, data are pre-processed with the aid of a
univariate optimum interpolation scheme and then
inserted into a global spectral transform model at
each model time step (approximately 15 minutes). A
nonlinear normal mode initialization is applied every
six hours to control the amplitude of high-frequency
noise, but it is not allowed to affect slower gravity
modes, such as those associated with the tropical
Hadley cell. Further details are given by Gordon and
Stern (1982) and Stern and Ploshay (1983).

On the other hand, at ECMWF a global grid point
model is used to generate a 6-hour forecast, which
then is updated with data at verification time using a
multivariate optimum interpolation scheme. The
multivariate approach utilized by ECMWF imposes
a geostrophic constraint on the analyzed corrections
to the first-guess field. The ECMWF also applies a
nonlinear normal mode initialization, but in its case
no explicit attempt is made to maintain modes rele-
vant to the tropical Hadley cell. Further detatls about
the ECMWF analyses are provided by Bengtsson et
al. (1982a).

In addition to the aforementioned points, other
important differences between the GFDL and
ECMWF data assimilation systems exist in the data
quality control procedures, in the number of obser-
vations allowed to affect the analysis at a grid point,
and in the weights assigned to different observing
platforms during optimum interpolation. Moreover,
the global circulation models used by each center
employ somewhat different physics. For example, a
diurnal cycle was included in the radiation physics of
the GFDL model but not in the ECMWF. It is
reasonable to expect that the cumulative result of
these differences would be to yield different GFDL
and ECMWEF level IlI-b analyses, but, without the
sort of comparison being presented here, it is difficult
to assess a priori the magnitude of this difference.

Grid point values from the GFDL analyses were
obtained at every 1.875° in latitude and longitude
and at the pressure levels of 1000, 950, 900, 850,
700, 500, 300, 200, 150, 100, 50 and 10 mb. The
ECMWEF analyses used here had the same horizontal
resolution but were at the pressure levels of 1000,
850, 700, 500, 300, 200, 150, 100 and 50 mb. The
level H1-b grid point data were processed next in the
same manner as the station data, by forming monthly
means and cross-products of the various meteorolog-
ical quantities at each grid point and level. Finally,
two differences between our station statistics and
those derived from the III-b analyses should be men-
tioned. First, we used both 0000 and 1200 GMT
level 1I1-b analyses, but only once-daily station data.
Based on comparisons between monthly mean statis-
tics derived from once- and twice-daily GFDL level
IIl-b analyses, however, we have found that this
difference does not significantly affect the quantities
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considered here. Second, unlike the case for the
individual stations, there are no missing days in the
level II1-b data.

3. Mean wind fields

A fundamental test of our ability to measure the
general circulation can be made by assessing the
accuracy of the monthly mean fields of the basic
wind components, ¥ and v. For this reason, special
attention is devoted to these fields here and a more
extensive set of comparisons is presented for them.
In particular, we will present the monthly mean u
and v fields from two different versions of the station-
based analysis as well as from the GFDL and ECMWF
level III-b analyses.

As noted earlier, results from the station analyses
are dependent on the initial guess field. This sensitivity
is shown here with the aid of two different initial
guess procedures that have been used in the past. In
the first version, called the “climatology/vertical con-
tinuity” approach, the initial guess for the 1000 mb
level is taken from a long-term collection of hemi-
spheric data assembled in atlas form by the U.S.
Navy (1966), supplemented by data from selected
tropical pilot balloon stations. Above 1000 mb, the
initial guess field is the nondivergent part of the final
analyzed field at the level immediately below. In the
second version, called the “zonal initial guess” ap-
proach, the zonal mean of all station values within
each latitude belt is formed, independently at each
level. In this second case, latitude belts were generally
chosen to be 10° wide. The initial guess was formed
by assigning to each grid point in a belt the appropriate
zonal mean and then smoothing this field to minimize
discontinuities between neighboring zones.

Previous comparisons (Starr et al, 1970) have
found that zonal means tend to be larger when the
zonal initial guess approach is used. In the case of
the zonal wind, differences in the zonal means in the
vicinity of the jet are typically about 10%. Relative
differences in the zonal means of the meridional wind
can be much larger than this, however.

a. Monthly mean zonal wind, i

Figure 2 contains cross-sections of [#] (the brackets
denote a zonal mean and the overbar a monthly
mean) for January and June 1979 derived from the
two versions of station analysis and the GFDL level
III-b data. As in previous studies, the two station
versions differ by about 10% near the jet, the larger
values being associated with the zonal initial guess
version. The strength of the jet in the GFDL analysis
is closer to that in the zonal initial guess station
analysis in January, but closer to that in the other
version of station analysis in June. Despite these
differences, it is clear that the analyses of [#] are, in
general, in good agreement.
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Insight into the cause of the differences that do
exist among the [#] fields may be gained from studying
the 200 mb maps of « in Fig. 3. Focusing first on the
January maps, there is a notable difference between
the GFDL and station analyses in the structure of
the subtropical jet east of Japan, where the 45 m s
isoline extends farther eastward over the Pacific in
the GFDL analysis than in either of the station
analyses.

Of the two station analyses, the zonal initial guess
version tends to yield the stronger zonal pattern, as
evidenced by the more nearly continuous subtropical
belt of winds greater than 30 m s™' in this version.
Interestingly, the only break in this belt occurs over
the station-void Arabian Sea (where an even stronger
minimum exists in the other station analysis version),
whereas the GFDL analysis contains an unbroken
area of winds greater than 30 m s™' in this region.
On the other hand, over the station-sparse subtropical
Atlantic, there is a notable break in the area of greater
than 30 m s™! winds in the GFDL analysis, but not
in either station analysis.

As an aside, we should comment on the isolated
maximum in # that appears north of Hawaii in the
zonal initial guess version of the station analysis, but
not in either of the other two analyses. This maximum
is an artifact of the zonal initial guess procedure used
here, and does not reflect real station values. It results
from the presence of a strong meridional gradient in
the initial guess field that is maintained by the final
analysis in this data-sparse area.

Turning to the 200 mb maps of # for June in Fig.
3b, there are two differences between the level 1II-b
analysis and the station analyses worth noting. The
first is located in the central Pacific, north of Hawaii.
Here the 111-b analysis depicts a large tongue of weak
westerlies, whose extent is greatly underestimated by
both station analyses. The second region of widespread
difference is over northwest Africa and the adjacent
Atlantic, where the III-b analysis depicts a continuous
band of westerlies greater than 15 m s~'. In both
station analyses, however, winds this strong do not
extend west of 10°E over Africa. Referring back to
the station maps of Fig. 1, we see that this region
contains very few conventional data at 200 mb,
because it is well above the level that the pilot
balloons used in Africa report. The quality of the
station analyses must, therefore, be regarded as suspect
here.

The differences between the GFDL and station
analyses cited above are mainly confined to the
station-sparse regions of the hemisphere. It would
seem reasonable, therefore, that the GFDL analyses
would better represent the actual # fields in these
regions, where they often had the benefit of additional,
nonconventional data. However, it is interesting to
compare the GFDL analysis with that of the ECMWF,
which also used the full set of FGGE observations,
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as shown in Fig. 4 for the January u field at 200 mb.
Although the GFDL and ECMWEF analyses generally
agree quite well, there are two areas in Fig. 4b in
which differences as large as 10 m s™' occur. The first
of these is located in the exit region of the east Asian
jet over the Pacific, an area already noted above in
connection with the station analyses. The second area
of large differences in Fig. 4b is over central Asia.

These two areas are highlighted in the maps in Fig.
5 for the strip 150-300°W and 20-40°N. Superim-
posed on the analyses are the available station
values of u# for January at 200 mb. The reason for
the relatively weak jet in the zonal winds over the
Pacific in the station analyses of Fig. 3a is now
evident: station 91066 (Midway at 28.2°N, 177.4°W),
whose value of 32 m s™' is based on 26 daily
observations during the month, exerts a controlling
influence on the station analyses in this region. Ap-
parently the level HI-b analyses were more strongly
influenced by satellite and aircraft data available in
this region. It is clear, though, that there are important
differences in how these data are assimilated into the
two level III-b analyses.

Over India, the picture is somewhat confused by
the disparity in station values near 278°W. One
station there reports a monthly mean of 55 m s™'
(based on 22 observations), whereas its neighbor
yields a mean of 28 m s™' (based on 13 observations).
The ECMWF analysis draws a 45 m s™! isoline
around the two stations, but the GFDL analysis
produces weaker winds there and to the north of the
region. Farther east, in the vicinity of 260°W, there
is another maximum in the difference field in Fig. 5.
In this case, the ECMWF analysis appears to more
closely reflect the data from the dense collection of
rawinsonde stations.

Without resort to the nonconventional data in-
cluded in the level III-b analyses and much further
investigation, it is not possible to fully assess the
correctness of one level 11I-b analysis over the other
in much of the tropical strip of Fig. 5. In any case,
the magnitude of the differences in the III-b analyses
of u shows the limitations in the ability to properly
depict even this fundamental field.

b. Monthly mean meridional wind, v

As is well known, the zonal mean meridional wind
[v] is much weaker than [i], reaching maxima of
only about 3 m s™' in the winter Hadley cell. Around
most latitude circles, [v] is a small difference arising
from regions of contrasting monthly mean northerlies
and southerlies. Indeed, [¥] represents the divergent
part of the meridional wind and has therefore been
difficult to measure accurately.

Rather than present results for [v] directly, we will
show here the mass streamfunction y, which is related
to [v] through the equation
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g, ms-! 200 mb January 1979

STATION STATION (ZONAL L.G.)

FiG. 3a Hemispheric maps of the mean zonal velocity at 200 mb for January 1979. Results are derived from the two V(:rgioqs of
station analysis and the GFDL level HI-b analysis. Isolines are drawn at intervals of 15 m s~!. Negative values are shaded and indicate
easterlies.

-5 ‘ - puting the streamfunction, it is necessary to subtract

el wa cosé g~ [v], from [D] any spurious net flows of mass across

latitude walls. Such mass flows have long been a

where p is pressure, ¢ latitude, @ mean radius of the feature of station-based analyses (Rosen, 1976), but
earth and g acceleration due to gravity. Before com- it is disappointing to note that they are still present
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June 1979

STATION (ZONAL L.G.)

F1G. 3b. As in Fig. 3a, but for June 1979.

in the FGGE level 1II-b analyses. Indeed, many of
the GFDL values for this flux are larger than those
in the station analyses (not shown). In January, the
GFDL value for the mass flux across the equator
would imply an average increase in surface pressure
over the NH of about 100 mb! On a more sanguine

note, however, the size of the correction for the
spurious mass flow to the maximum value of [] in
the GFDL level III-b January analysis is only on the
order of 10%.

To correct for the spurious mass flow at each
latitude, we simply subtracted the vertical mean of
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January 1979

DIFFERENCE (GFDL—-ECMWF)

L}

FIG. 4. (a) Hemispheric map of the mean zonal velocity at 200 mb for January 1979 based on the ECMWF level Ill-b analysis.
Isolines are drawn at intervals of 15 m s™'. Negative values are shaded and indicate easterlies. (b) Hemispheric map of the GFDL field
in Fig. 3a minus the ECMWEF field in Fig. 4a. Isolines are drawn at intervals of 5 m s™' (the zero line is omitted). Negative values are
shaded and indicate regions of stronger westerlies or weaker easterlies in the ECMWF data.

[v] from the individual values at every pressure level.
These normalized [v¥] values were then used in the
above equation (after setting ¢ = 0 at 50 mb) to
generate the streamfunction fields in Fig. 6. In Fig.
6a for January, the maximum values in the Hadley
cell of the two station versions are within 20% of
each other. This correspondence between the two
station approaches is much better than in previous
studies and reflects the improvement in the tropical
station coverage during the SOPs. The GFDL UI-b
mass streamfunction for January appears to be quite
realistic, differing from the station analyses in only
two respects. First, the vertical gradient of Y in the
lower levels of the tropics is stronger in the GFDL
analysis, leading to a maximum value of ¢ in the
Hadley cell that is 20% larger than the average of the
two station maxima. Second, this central value of
is located 200 mb closer to the surface in the GFDL
analysis than in the station analyses. These differences
are related to a more intense region of tropical low
level northerlies, which is confined more strictly to
the lower half of the atmosphere, in the GFDL
analysis. In the ECMWF streamfunction in Fig. 6a,
the Hadley cell seems to be too weak, which Lorenc
and Swinbank (1984) attribute to the ECMWF ini-
tialization scheme. Also, the tropical zonal mean
northerlies are confined to a much shallower layer in
the ECMWEF analysis than in any of the others.

In June, the maximum value of ¢ lies in the
tropical Southern Hemisphere, but only the northern
reaches of the SH Hadley cell are captured by the
Northern Hemisphere plots of Fig. 6b. Even so, it is
apparent that this cell is considerably stronger in the
GFDL analysis than in the others. Again, the two
station analyses are in general agreement, although
the zonal initial guess version more closely produces
the strength of the NH Hadley cell (near 20°N)
yielded by the GFDL analysis. The ECMWF analysis
again seems to significantly underestimate the strength
of this cell. North of about 40°N, where [v] is
generally small, all the analyses yield fairly similar
pictures.

A sense of the difficulty involved in measuring [v]
may be gained by considering the maps in Fig. 7a,
which portrays the field of ¥ at 200 mb in June from
the “climatology/vertical continuity” version of station
analysis and from the GFDL III-b analysis. (The
zonal initial guess station analysis is not presented
here, because it so closely resembles the other version
in Fig. 7a.) The existence of alternating regions of
nearly equally intense northerlies and southerlies
around a latitude belt is evident in both maps.
Indeed, the two maps depict very much the same
pattern, although there are several small areas of large
differences (Fig. 7b). In general, the GFDL analysis
contains both the stronger northerlies and southerlies,
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FIG. 5. Map of the zonal velocity at 200 mb for January 1979 in the region from 20 to 40°N and 150 to 300°W calculated from the
GFDL (top) and ECMWF (middle) level III-b analyses. Isolines are drawn at intervals of 15 m s7'; also displayed are the monthly mean
values of # at the rawinsonde stations that passed the cutoff criterion for the month. In the bottom panel is the difference, GFDL minus
ECMWEF, with isolines drawn at intervals of 5 m s™' and negative values shaded.

so that the differences in Fig. 7b (which are mostly
located over gaps in the station network) cancel in
the zonal mean, thereby constraining differences
in [v].

4. Eddy fluxes and energetics

We now turn attention to some second-order mo-
ments of the general circulation: in particular, the
transient eddy fluxes of momentum and heat and the
eddy kinetic and potential energies. For the transient
eddy statistics, the initial guess for the station-based
analysis is taken to be zero everywhere. The effect of
this initial guess is to generate final values in data-
sparse regions that are linear interpolations of the
values in data-rich regions. In light of the uncertainty
involved in knowing how to specify an initial guess

for the eddy fields, this seems to be a reasonable
approach.

a. Eddy momentum fluxes

Figure 8 contains the January and June zonal
mean fields of the transient eddy flux of momentum
[1'?], where the prime denotes a deviation from the
temporal mean. Both the station and GFDL level III-
b analyses yield similar patterns each month, but
their intensities do differ markedly. For example, the
midlatitude maximum of northward flux is 30%
larger in the station analysis in both months. Accord-
ing to Kanamitsu (1981), however, the ECMWF
January analysis gives a value for this center that is
within about 5% of the present station analysis.
Furthermore, the station analysis produces southward
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FIG. 6a. Cross sections of the mass streamfunction for the mean meridional circulation obtained after removal of
spurious net mass flows for January 1979. Results are presented for both versions of station analysis and for the
GFDL and ECMWEF level 1II-b analyses. Positive values indicate clockwise circulation.

fluxes in the tropical upper atmosphere that are much
smaller than those in the GFDL analysis in January.
However, the comparison by Lorenc and Swinbank
(1984) of results for [u'v] from five different FGGE
analyses for the region around 5°N indicates that the
GFDL value is anomalously strong. In high latitudes,
the southward fluxes in the station analysis are con-
siderably stronger in January, but considerably weaker
in June.

It is difficult to trace the cause of these zonal mean
differences by examining maps of u’t/, because the
local differences in the eddy flux are up to an order
of magnitude larger than the zonal means and tend
to be of opposite sign around a latitude circle. Nev-
ertheless, it is interesting to inspect maps of #'v’ from

the station and GFDL analyses, as shown in Fig. 9a
for the 200 mb level in January. The overall pattern
is the same in the two analyses, although the GFDL
map is noisier, a point to be returned to later.

The difference map in Fig. 9b contains two areas
worthy of special discussion. The first is located in
the central north Atlantic, where the once-daily record
from station 08509 (Lajes at 38.7°N, 27.1°W) yields
an eddy flux greater than 210 m? s™2. Most of this
flux is associated with a wave that passed over this
station during the first five days of January. Indeed,
when the eddy flux is recomputed at this site for the
period 6-31 January only, the value decreases to 38
m? s~ Clearly, the quantity v/, when calculated for
periods as short as a month, can be quite sensitive to
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FIG. 6b. As in Fig. 6a, but for June 1979.

the particular choice of monthly interval. This sensi-
tivity does not, of course, affect comparisons between
different calculations made for the same month as in
Fig. 9. In any case, the GFDL analysis yields a
maximum value in this area for the month of January
of only about 170 m? s™2 but more importantly it
yields some small, though intense, regions of south-
ward flux around 50°W that are completely missed
by the station analysis, which is dominated at this
station-void longitude by the value at Lajes. The
GFDL analysis also produces a secondary maximum
of northward fluxes on the west African coast which
lies between the rawinsonde stations in the region.
The second area in Fig. 9b worth highlighting lies
in the Pacific between Hawaii and the west coast of
the United States. Here the largest value in the GFDL
analysis of the NH is to be found, whereas the
interpolated values in this station-void region in Fig.

9a are much smaller. Although this feature is of
relatively small spatial scale, it is nonetheless quite
intense and, if real, points out an important short-
coming in analyses of the momentum flux based only
on the current network of stations. On the other
hand, it is possible that the GFDL values in this
region partly reflect a bias in the GFDL model.
Support for this possibility comes from an analysis
(not shown) of the climatology of another general
circulation model developed at the Goddard Labo-
ratory for Atmospheric Sciences, which contains a
strong positive maximum of u'v’ in this part of the
Pacific at 200 mb. Examination of the aircraft and
satellite data used in the GFDL analysis in this region
would be needed to resolve this point.

On time scales as short as a month, zonal mean
momentum fluxes by the stationary eddy component
of motion can be comparable to those by the transient
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FiG. 7. (a) Hemispheric maps of the mean meridional velocity at 200 mb for June 1979 based on the station and the GFDL level
11I-b analyses. Isolines are drawn at intervals of 5 m s™'. Negative values are shaded and indicate northerlies. (b) Difference, station
analysis minus GFDL analysis, of the two fields in part (a). Isolines are drawn at intervals of 5 m s™'. Negative values are shaded and
indicate stronger southerlies or weaker northerlies in the GFDL analysis. (To create the difference values, the GFDL field was interpolated
onto the coarser grid used for the station analysis. This same procedure was used to create the difference fields in Figs. 9b and 16b.)

eddies. This was clearly the case for January 1979, as
revealed by the plots of [#*v*] in Fig. 10 (the asterisk
denotes a deviation from the zonal mean). The figure
also shows that the station and GFDL analyses agree

fairly well in January. (The station results in Fig. 10
are based on the “climatology/vertical continuity”
version of analysis; the zonal initial guess version
yields somewhat smaller stationary eddy fluxes.) Both
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FiG. 8. Cross sections of the transient eddy flux of momentum for January and June 1979 based on the station
and the GFDL level HI-b analyses. Negative values are shaded and indicate southward fluxes.

analyses, for example, capture the region of strong
southward fluxes in the equatorial upper atmosphere
that seems to characterize this area in winter (Rosen
and Salstein, 1980). In June, the GFDL analysis is
dominated by a subtropical maximum in [u*D¥*]
which is nearly twice that contained in the 15-year
station-based climatology of Oort (1983). This feature
does not appear in the June station analysis which,
as noted earlier in connection with Fig. 7, produces
a weaker stationary wave pattern in ¢ for that month.

b. Eddy heat fluxes

The zonal cross sections in Fig. 11 of the transient
eddy flux of heat [tYT'] show that closer quantitative

agreement exists between the station and GFDL
analyses for this quantity than was the case for
[#'V']. Likewise, the station and GFDL analyses pro-
duce comparable results (not shown) for the stationary
component [D*T*]. The most obvious difference in
the transient eddy fluxes in Fig. 11 is perhaps in
January in midlatitudes near 300 mb, where the
station analysis produces a stronger local minimum
in the field. . .

As in the case for u't, the maps of v'T” at 850 mb
in Fig. 12 indicate that the GFDL analysis is much
noisier than the station-based resuit. Close inspection
of the January v'T’ field over the station-rich area of
North America, for example, reveals a number of
small-scale features in the GFDL analysis that are
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FIG. 9. (a) Hemispheric maps of the transient eddy flux of momentum at 200 mb for January 1979 based on the station and the
GFDL level I1I-b analyses. Isolines are drawn at intervals of 50 m? s=2, Negative values are shaded and indicate southward fluxes. (b)
Difference, station analysis minus GFDL analysis, of the two fields in part a. Isolines are drawn at intervals of 50 m? s™2, Negative values
are shaded and indicate stronger northward or weaker southward fluxes in the GFDL analysis.

not warranted on the basis of the station data. Refer-
ring back to the GFDL and ECMWF maps of & in
Fig. 5, it is clear that the GFDL analysis is certainly
the less smooth of these two as well.

Beyond the element of the noise in the GFDL

analysis, the overall pattern of V7" in Fig. 12 is
similar in the two analyses. Indeed, in June the
quantitative agreement between the major features of
the GFDL and station analyses is very good. In
January, there is at least one area of ‘substantive
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FIG. 10. Cross sections of the stationary eddy flux of momentum for January and June 1979 based on the station
and the GFDL level III-b analyses. Negative values are shaded and indicate southward fluxes.

disagreement, namely in the north Pacific near the
dateline.

c¢. Transient eddy energies and the energy cycle

In Figs. 13 and 14, we present fields that provide
measures of the transient eddy kinetic and available
potential energies during January. Both analyses cap-
ture the peak in the kinetic energy field at 200 mb
over the North Atlantic quite well, although the
GFDL analysis contains stronger gradients in the
vicinity of this peak. Over the North Pacific, the
station analysis, dependent largely on data from a
single ocean weather ship (ship P), yields lower kinetic
energies. The maxima in the 850 mb temperature

variance field lie mainly over the station-rich conti-
nents. Therefore, the two fields in Fig. 14 resemble
each other fairly well, although the GFDL analysis
contains somewhat more intense centers and is more
noisy.

The FGGE data sets offer an opportunity for a
comprehensive study of the atmosphere’s energy cycle.
Some of this work has already begun (Kung and
Tanaka, 1983, and Chen and Buja, 1983, for example).
Here, our focus is simply on the differences in the
energy cycle between the traditional station and GFDL
level III-b analyses. For this purpose, we consider
only those terms in the cycle that are easy to compute
with the zonal mean quantities already in hand and
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FIG. 11. Cross sections of the transient eddy flux of heat for January and June 1979 based on the station and
the GFDL level 11I-b analyses. Negative values are shaded and indicate southward fluxes.

use the following conventional approximations to the 1 —5 1 _—
various terms involved: Pre =36 f Y[T?dm;  Pse = 5 ¢, | ¥[T*1dm;
Pg = Pyg + Psg;

K =1 [ @ + oiam,

where dm = 2wa’g™! cospdodp; ClKe, Ku) = f ([u'v] cosg + [*5*] cosg)

— — o 7]
K = % f (|[u72] + [v’z])dm', X % (a—lé:ui;)dm = C(K1g, Km) + C(Ksg, Ku);

Koe =3 [ Q%1+ 0%20dm; Ko = Koo + K by, Po) = [ (071 + v, %)

Pu=1c, [ w(TTyam X 2 (T1dm = CPu, Pre) + ClPu, Pec)

/2
where [T) = [T]— J; [T] cos¢de;  C(Pm, Km) = f Sflual[dldm, where f= 2% sing.

‘
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FIG. 12. Hemispheric maps of the transient eddy flux of heat at 850 mb for January and June 1979 based on the station and the
GFDL level IH-b analyses. Isolines are drawn at intervals of 10 m s™' °C. Negative values are shaded and indicate southward fluxes.
Regions where the topography is at pressures less than 850 mb are indicated by the heavy shading.

In the above, K refers to kinetic energy, in either its version from energy form A to form B is symbolized
zonal mean (subscript M), transient eddy (TE) or by (A, B). Also, ¢, is the specific heat of air at
stationary eddy (SE) form. Similarly, P denotes avail- constant pressure, and v a factor related to the static
able potential energy in one of its forms. The con- stability which was calculated from the [77] fields
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FIG. 13. Hemispheric maps of the transient eddy variance of the wind at 200 mb for January 1979 based on the station and
the GFDL level III-b analyses. Isolines are drawn at intervals of 200 m? 52,
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FiG. 14. Hemispheric maps of the transient eddy variance of temperature at 850 mb for January 1979 based on the station and the GFDL level
MI-b analyses. Isolines are generally drawn at intervals of 20 °C? a 10 °C? line is also included. Regions where the topography is at pressures less
than 850 mb are indicated by the heavy shading.
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separately for January and June. The limits of inte-
gration extend in latitude from equator to north pole
and in pressure from 100 to 1000 mb.

Although the above equations for the energy con-
versions are not complete (cf. Peixoto and Oort,
1974), they do include the major components. The
portions of the energy cycle calculated here are indi-
cated by the schematic in the center of Fig. 15. By
and large, the hemispheric integrals presented agree
well. For example, K¢ in January differs only slightly
between the analyses. This may seem surprising in
light of the discussion above of regions at 200 mb
where the station analysis produced locally smaller
values. Clearly, though, these regions do not dominate
when K7g is integrated through the entire NH tro-
posphere.

Two notable differences between the station and
GFDL values in Fig. 15 do exist, however. The first
of these is in C(Py, Km) in both January and June.
This term has proven difficult to measure accurately
in the past because of its sensitivity to [v], and it
appears that the FGGE year is no exception. The
second difference is in C(Krte, Kv) in January, when
the GFDL analysis actually yields a negative value
for this barotropic conversion term. A review of Fig.
8 for [#'v'] and Fig. 2 for [#] reveals that this negative
value results in large measure from the anomalously
strong downgradient flux in the GFDL tropical upper
atmosphere.
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5. Water vapor and vapor fluxes

The importance of water vapor in the atmosphere,
ranging from its role in the hydrological cycle to its
impact on energetics, is well recognized. Despite this,
measurements of water vapor in the troposphere
remain relatively poor in both quality and spatial
distribution. The FGGE saw no real improvement in
this situation, since the satellite data available did
not provide vertical profiles of water vapor. Therefore,
the upper-level water vapor observations used in the
GFDL level III-b analyses are drawn almost entirely
from the same station data used to construct our
station analyses, the aircraft dropwinsonde data being
the only important difference. This commonality in
the observational data base should be borne in mind
when viewing the results from the two analyses.

The field of monthly mean specific humidity g at
850 mb for June is presented in Fig. 16 for both the
station and GFDL analyses and for their difference.
Our station analysis of the moisture fields is based
on the zonal initial guess approach. The GFDL
analysis is, once again, noticeably noisier, containing
more detailed structure over both land and ocean.
Some of the largest individual differences between
the analyses exist around Pakistan and over the
Arabian peninsula; however, the most widespread
areas of disagreement are found over the oceans,
where there was little information regarding g available

STATION GFDL
56.9 0.76 7.73 557 172 8.94
January .
2.78 0.33 3.5 A oz20
1979 (1.63,1.15) y (0.17,0.16) (.93,1.22)y (-0.01,0.21)
4 9.65 9.93 9.66
(6.08, 5.30) (7.53,2.12) (5.26,4.67) (7.26,2.40)
C(Py,K
P (PusKy) N
C(Py, Pg) A C(Kg Ky)
(C(Pum, Pre),C(Py, Pge)) \ (C{Krg \Kn), C(Ksg Kn))
Pe Ke
(Prg, Psg) (Krg, Ksg)
STATION GFDL
19 f—23! 1.97 20.4 |—Q.06 2.09
June 0.44 0.19 0.52 A o024
1979 (0.48,-0.04) y {0.17,0.02) (0.55,-0.03)y (0.14,0.10)
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FIG. 15. Energy cycle diagrams containing values for those terms calculated in this study based on the station
and the GFDL level III-b analyses for January and June 1979. Values are for the Northern Hemisphere mass
between 1000 and 100 mb. The schematic in the center indicates the layout of the diagrams. Symbols are defined
in the text and conversions proceed in the direction indicated by the arrows. Units for energies are 10° J m~2 and

for conversions W m~2,
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FIG. 16. (a) Hemispheric maps of the specific humidity at 850 mb for June 1979 based on the station and the GFDL level 1II-b
analyses. Isolines are drawn at intervals of 3 g kg™'. Regions where the topography is at pressures less than 850 mb are indicated by the
heavy shading. (b) Difference, station analysis minus GFDL analysis, of the two fields in part (a). Isolines are drawn at intervals of 3 g
kg™!. Negative values are shaded and indicate higher values of specific humidity in the GFDL analysis.

to either analysis. Nevertheless, it is surprising to see  the 850 mb fields for June 1979 are presented in Fig.
differences of a factor of two in § over portions of 17 to illustrate a point concerning the quality control
the subtropical Atlantic, for example. of the FGGE water vapor data. We note the extraor-
__Larger values of the transient eddy flux of moisture  dinarily large value for the flux over the Arabian
g’V are typically found in January than in June. Only peninsula in the GFDL analysis. This unlikely feature
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FIG. 17. Hemispheric maps of the transient eddy flux of moisture at 850 mb for June 1979 based on the station and the GFDL level III-b
analyses. Isolines are drawn at intervals of 3 g kg™' m s™'. Negative values are shaded and indicate southward fluxes. Regions where the topography
is at pressures less than 850 mb are indicated by the heavy shading.

can be traced to erratic soundings that month from
station 40438 (Riyadh at 24.7°N, 46.7°E), which was
eliminated from our station analysis. Elsewhere, the
two analyses are in fairly close agreement with regard
to the major features in g¢'v/, although the GFDL
analysis tends to produce larger values and is also,
obviously, too noisy.

6. Summary and concluding remarks

We have compared a number of Northern Hemi-
sphere (NH) circulation statistics derived for the
months of January and June 1979 from FGGE level
III-b analyses and from more traditional analyses
based solely on the rawinsonde station data. As a
result of these comparisons, the questions raised in
the Introduction can at least be partially answered.
With regard to zonal mean statistics and hemispheric
integrals, the station network appears to yield reason-
able values, over which the level III-b analyses offer
little obvious improvement. The station-based zonal
means are not especially sensitive to the initial guess
used to generate them, and they generally agree well
with the level III-b results. In the case of [u't'], where
differences of 30% do exist in the maxima between
the station and GFDL analyses, the station values

are supported by the ECMWEF level III-b analysis.
Spurious net flows of mass across latitude walls are
of comparable magnitude in the station and level III-
b analyses. As for the sensitive calculation of the
intensity of the NH Hadley cell, the station analyses
yield values that lie between those of the GFDL and
ECMWEF III-b analyses. )

On regional scales, where the potential existed for
the level III-b analyses to capture features missed by
the station network, large differences between these
analyses and the station-based ones do sometimes
occur over station-sparse areas. Two examples de-
scribed above illustrate, however, that the level III-b
analyses do not necessarily provide definitive values
in these areas, either. First, in the case of u't’ over
the Pacific between Hawaii and the west coast of the
United States, the GFDL analysis in January yields
an area of very strong flux that is missed by the
station analysis. However, some evidence suggests
that the large value of this flux in the level III-b
analyses may partly result from model biases. The
second example is provided by the analysis of # in
January over the subtropical western Pacific. The
station analyses appear to underestimate the strength
of the jet in this region, but there are also considerable
differences, amounting to as much as 10 m s},
between the two level I1I-b analyses there.



88 MONTHLY WEATHER REVIEW

Certain shortcomings peculiar to the GFDL anal-
yses have been noted, such as excessively noisy fields
in some instances, and lower quality of the GFDL
moisture statistics. Some of the deficiencies in the
level 11I-b analyses may result from shortcomings in
the extent or accuracy of the FGGE observations
themselves, despite the tremendous efforts made to
improve them. Our results also indicate that uncer-
tainties still exist in the techniques used to assimilate
asynoptic satellite and aircraft data. Hopefully, our
work will help ‘guide efforts to improve these tech-
niques.

Although our results strictly pertain to only the
two months examined here, they lead us to believe
that the climatologies of zonal mean statistics based
on previous upper-air station data are reasonably
accurate, particularly when it is realized that the
station network at one time included a number of
ocean weather ships. However, with the removal of
Ocean Weather Ship P from the North Pacific after
the FGGE year and the possible demise of all Atlantic
weather ships in the next decade, it seems that
station-based analyses will become less useful for
generating zonal mean statistics. Nevertheless, statistics
compiled at individual stations should continue to
prove essential for regional studies or for delineating
cohesive large-scale spatial features of interannual
variability in the atmosphere. For the most part,
though, we are in an era of transition, one in which
we are becoming dependent on sophisticated data
assimilation schemes to provide circulation statistics.
Some of the results presented here and in other recent
studies suggest, however, that further improvements
in these schemes are needed before we can fully
welcome this development.
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