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Atlas of the Tropical and Subtropical Circulation Derived from National

Meterological Center Analyses

ABSTRACT

An atlas of the monthly and seasonal mean tropical and 
subtropical circulation of the upper troposphere for the 
period October 1978-September 1983 as represented by 
National Meteorological Center operational objective 
analyses is presented. These analyses are prepared twice 
daily as a part of the Global Data Assimilation System using 
an optimum interpolation technique. While the analyses are 
global with a resolution of 2.5° of latitude and longitude, 
Mercator maps with an equatorial resolution of 5° are given 
here. The 200 mb level is chosen to maximize the impact of 
satellite and aircraft wind observations on the analyses. 
Both the rotational and the divergent components of the wind 
field are presented.

1. INTRODUCTION

This atlas contains the 5-year mean u component, vector wind, stream 
function, and velocity potential for each month and season over the period 
October 1978-September 1983. The means have been derived from twice daily 
analyses of the global circulation performed at the National Meteorological 
Center (NMC). Other aspects of the 5-year mean circulation shown are the 
annual cycle and the vertical structure in the tropics. The mean annual 
cycle in these data, as well as in the outgoing longwave radiation (Janowiak 
et al., 1985), is shown as the first harmonic of the 12 monthly 5-year 
means. The vertical structure for several latitude bands is shown through 
longitude/pressure cross sections.

The "long-term" mean state of the tropical and subtropical upper 
tropospheric circulation has been documented in a number of atlases and data 
sets since about 1970. Oort and Rasmusson (1971) and Newell et al. (1972) 
presented 5- and 7.5-year means, respectively, of most atmospheric para
meters. The results of the former extended to 10°S, while those of the 
latter were approximately global; all were derived exclusively from radio
sonde observations. The determination of the upper tropospheric circulation 
on any time scale from such spatially restricted data is difficult; in 
certain areas (e.g., the equatorial eastern Pacific) it is impossible. The 
availability of wind observations derived from the tracking of clouds in 
geostationary satellite imagery and from cross-equatorial jet aircraft 
flights, beginning in the late 1960s, made more complete analyses of the
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circulation possible. Sadler (1975) prepared analyses of the monthly mean 
streamlines of the flow for several levels in the troposphere using radio
sonde observations and aircraft reports of wind from the period 1960-1973. 
Gray et al. (1976) presented 5-year means of the wind components and their 
stream function derived from National Meteorological Center (NMC) operational 
objective analyses of the tropical and subtropical circulation. Arkin 
(1982) presented 11-year means of the 200 mb winds for January and July from 
the same source, while Arkin (1984) published 11-year mean maps of the 
tropical and subtropical wind components and several derived quantities for 
all four seasons.

None of the analyses mentioned above derive from data capable of 
representing the local horizontal variability of the divergent component of 
the upper tropospheric wind field. Radiosonde and aircraft data alone are 
rarely dense enough to define the divergence field over much of the tropics. 
In addition, early versions of tropical and global operational data assimi
lation schemes used at NMC imposed significant constraints on the analysis 
of the divergent component of the wind (Arkin, 1982). By the mid to late 
1970s, the availability of satellite-derived, cloud-tracked winds and the 
relaxation of some of the imposed constraints began to yield operational 
analyses of the large-scale circulation of the tropics and subtropics which 
contained some information regarding the divergent part of the flow. The 
Global Band Analyses of the U. S. Navy Fleet Numerical Oceanographic Center 
were the first such analyses of which we are aware. Ten-year means of the 
stream function, vector wind and velocity potential for the Northern Hemi
sphere winter and the months November-February derived from the Navy 
analyses were published by Boyle and Chang (1984). The operational analyses 
of the European Center for Medium Range Weather Forecasting (ECMWF) have 
used an optimum interpolation (01) technique from their beginning in 1979. 
This analysis, like that used at NMC (see following section), does contain 
large-scale divergent circulations. As yet no multi-year means derived from 
ECMWF analyses have been published, although statistics derived from several 
individual years have (White, 1982, 1983, Lau, 1984).

2. DATA - SOURCES AND ANALYSIS

The analyses used to construct the mean fields presented in this study 
were generated by the Global Data Assimilation System (GDAS) used at NMC 
since October 1978. The 5-year mean fields cover the period October 1978— 
September 1983. Some of the figures in section 3 contain data for the 7- 
year period ending with September 1985. The operational analysis system 
used at NMC has covered the domain under consideration here since March 
1968, and climatologies based on those earlier analyses were mentioned in 
section 1. The objective of the present study is to document the "long
term" mean circulation of the tropical and subtropical upper troposphere 
during a period for which analyses containing divergent circulations are 
available. No other such atlas is currently available.

The data used here are from the 0000 and 1200 GMT GDAS daily analyses 
performed at NMC. The characteristics of the GDAS have been described by 
Bergman (1979), Kistler and Parrish (1981), and Dey and Morone (1985).
Their utility for climate studies is discussed by Arkin (1982, 1984). The 
suitability of the analyses for diagnoses of the planetary scale divergent
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flows is not yet known, although comparisons with ECMWF analyses (Rosen and 
Salstein, 1985) suggest that the two centers have comparable skill in this 
regard. Sardeshmukh and Hoskins (1985) suggest that the ECMWF analyses do 
have significant skill in representing divergent circulations. The analyses 
have been subjected to a non-linear normal mode initialization (Ballish, 
1980) since May 1980. The effect of this procedure on the large-scale 
divergent circulations appears to be in the nature of a smoothing, but does 
not appear to be of major importance (Rosen and Salstein, 1985).

3. DISCUSSION

a. Seasonal and monthly maps
The analyses used here yielded data on a 2.5° latitude by 2.5° 

longitude grid. For display purposes, the data have been interpolated to a 
Mercator grid with a longitudinal spacing of 5° and a latitudinal spacing 
varying from 5° at the equator to about 3.5° at the poleward boundaries 
(48.1°N and S). The plots are structured with the date line in the center 
in order to show the largest divergent circulation, that associated with the 
Indonesian/Southeast Asian convective activity, in a single piece.

We show maps of the 5-year mean u component, vector wind, stream 
function, and velocity potential for each month and (3-month) season. The 
vector wind is plotted with isotachs of the wind speed, while the velocity 
potential is overlayed with vectors representing the divergent wind. The 
stream function and velocity potential were computed by relaxation of the 
vorticity and divergence of the time-mean wind components using the 
iterative technique of Dey and Brown (1976), which requires boundary condi
tions only at the poles. The reader should be cautious when using the 
velocity potential fields not to confuse their pattern with that of 
divergence, which is the Laplacian of the velocity potential and is charac
terized by substantially smaller spatial scales (see Rasmusson and Arkin, 
1985; Sardeshmukh and Hoskins, 1985).

Seasonal variations in the upper tropospheric circulation result from 
the annual cycle in solar declination, with longitudinal and hemispheric 
asymmetries associated with differing distributions of continent and ocean. 
Since the rotational component of the mean wind is in general quite large 
compared to the divergent component, the plots of vector wind and isotachs 
and of stream function contain similar information. The former are more 
useful in defining regions of local maxima (i.e., "jets") and in showing the 
speed of the wind, while the latter are more effective at defining the 
direction of the wind and centers of circulation. Plots of the zonal 
component of the wind are of interest due to its impact on the propagation 
of eddy energy (Webster and Holton, 1982; Arkin and Webster, 1985). The 
velocity potential contains information on the direction and magnitude of 
the divergent component of the wind. In the time-mean tropical and 
subtropical troposphere, the divergent component is of importance because of 
its relationship to the sources and sinks of energy for the circulation.

The most outstanding feature of the 200 mb tropical and subtropical 
circulation is the reversal of sign between the equator and higher lati
tudes. To first order, all months and all longitudes are characterized by
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winds which are more westerly at latitudes poleward of 20° than equatorward. 
There are of course exceptions, and the circulation also exhibits rather 
substantial longitudinal variability. Ridges and/or closed anticyclonic 
circulations are found in all months in the longitudes of Africa, the 
Americas, and the West Pacific/Southeast Asian region. In most cases these 
circulations are found in both hemispheres, with westerly jets along their 
poleward flanks. However, the circulation in the winter hemisphere is 
invariably stronger. These features appear to be associated with regions in 
which the outgoing longwave radiation is relatively low (Janowiak et al., 
1985) and which are presumably convectively active.

The divergent circulation at 200 mb is dominated by a center of outflow 
in the West Pacific. Its latitude varies from about 10°S to 20°N from 
January to July, and the divergent outflow from it is approximately radially 
symmetric. Other outflow centers are found in the Americas and, somewhat 
less frequently, in Africa. The divergent wind is seen to be strongest into 
the winter hemisphere, with the principal inflow regions being northern 
China during the northern winter and southern Africa during the southern 
winter. These depictions of velocity potential may be compared to those of 
Krishnamurti ert al. (1973) and Boyle and Chang (1984) for the northern 
winter and to Krishnamurti (1971) for the southern winter. The latter 
agrees reasonably well in its large-scale features with the results shown 
here, although the center of outflow in Southeast Asia appeared to be 
weighted more strongly toward Indochina. Krishnamurti et^ al. (1973) also 
showed the Indonesian outflow center to be further west than in our results, 
while Boyle and Chang (1984) had a much stronger outflow region over Africa 
than here. While the differences between our results and those of 
Krishnamurti (1971) and Krishnamurti et al. (1973) are most likely due to 
the great increase in data available, this should not cause large 
differences between the Navy analyses used by Boyle and Chang (1984) and NMC 
analyses. Two possible causes for the large differences found are their 
choice of boundary conditions for calculation of the potential function (the 
velocity potential is set to 0 at 40°S and 60°N) and differences in the data 
available to the analysis schemes. In particular, the NMC analysis system 
does not use cloud-tracked winds over land. This might lead to an 
underestimation of the divergent outflow in, for example, South America and 
Africa.

It is apparent from the 5-year mean maps of monthly and seasonal 
velocity potential that the region of strongest divergent outflow is 
associated with the Indonesian/Southeast Asian convective region. Further
more, it is not truly radially symmetric, and the asymmetries vary with the 
season. The mean divergent wind speed over the tropics (25°N-25°S) in the 
Eastern Hemisphere is nearly 1 m/s greater than that in the Western Hemi
sphere during the northern summer (Fig. 1) and greater in nearly all other 
seasons through the 7-year period ending in September 1985. Both hemi- L 
spheres peak during the solstices. The alternation between flow into the 
Northern Hemisphere during the northern winter and into the Southern during 
the southern winter is seen clearly by the change in sign of the v component 
of the divergent wind over the Eastern Hemisphere from 20°N-20°S (Fig. 2). 
The strength of the northern summer monsoon is shown by the mean zonal 
divergent wind over the region from 40°E-90°E and 40°N-20°S (Fig. 3).
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b. The first harmonic of the annual cycle

A common method of depicting any periodic phenomenon is to fit a 
harmonic function with the appropriate period to the data and present its 
amplitude and phase. Here we have fit a 12-month harmonic to the sequence 
of 12 monthly mean values at each grid point for a number of different 
parameters. We show the amplitude and phase by means of a vector whose 
orientation indicates the phase and whose size indicates the amplitude. 
Contours of the amplitude are also presented. The vector turns clockwise 
with advancing time of year, with a vector pointing north representing mid- 
July, one pointing east representing mid-October, and so on.

We have chosen to represent the 200 mb circulation by the 12-month 
harmonics of the u and v components (both total and divergent), the stream 
function and the velocity potential. The u components in the Northern and 
Southern Hemispheres are approximately out of phase, with maximum values in 
each found during the winter. A belt of very small amplitude extends around 
the globe centered between 10°S and the equator. The northward swings of 
this belt appear to be correlated with regions which are convectively active 
during the northern winter, such as Indonesia, eastern Africa, and South 
America. Maxima are associated with the winter jet streams. The 12-month 
harmonic of the v component in these data is very much smaller.

The amplitude and phase of the stream function and velocity potential 
are quite simple in appearance, and yet not nearly so simple to explain.
The 12-month harmonics of the divergent u and v components are somewhat more 
clear. The v component shows the change in sign of the divergent flow 
across the equator, with flow always into the winter hemisphere. The u 
component shows the annual cycle in the divergent flow to be strongest north 
of the equator and to be in the sense of divergent flow away from eastern 
Asia and Central America. Evidently, the 12-month harmonic is not so well 
defined south of the equator.

The 12-month harmonic of the 850 mb temperature, which reflects the 
annual cycle in surface temperature presumably associated with differential 
radiative heating and cooling, has maxima associated with the continents, 
strongest in the Northern Hemisphere. That of the outgoing longwave radi
ation (OLR), which reflects the annual cycle in atmospheric heating due to 
tropical convection, exhibits maxima (corresponding to the time of minimum 
OLR and therefore to maxima in convection) during the summer season of each 
hemisphere.

c. Vertical/longitudinal structure

In this section we present the longitudinal and vertical distribution 
of the zonal component of the total wind and of the velocity potential 
averaged over three latitude bands, 0°-20°S, 0°-20°N and 5°N-5°S for each 
season. Plots of the OLR (inverted) averaged over the same latitudes are 
shown between each of the cross-sections to indicate the degree of convec
tive activity in the latitude band.

The zonal wind and the velocity potential appear to be rather closely 
related, with the wind blowing from minima towards maxima in the potential
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field. The relationship with the OLR, on the other hand, is not so clear. 
The u component and, in particular, the velocity potential have a wave 1 
pattern both in longitude and in height. However, the OLR shows much 
greater amplitude in higher wave numbers. Some of this difference may be 
related to the fact that the NMC GDAS does not use winds derived from 
satellite tracking of clouds over land and may, therefore, underestimate 
divergence in those regions.

The authors would like to thank Kathy Stevenson for her help in preparing 
the manuscript and John Kopman for his assistance in preparing the figures.
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Figure 76. Longitude/pressure cross section of the 5-year mean zonal wind 
(top) and velocity potential (bottom) averaged over the 
latitudes 0°-20°N for DJF. Contour interval 2.5m/s (top) and 
1x10° m^/s (bottom). In center of figure is the OLR averaged 
over the same latitudes with scale reversed so that peaks 
indicate maxima in convective activity.
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Figure 77. As in Fig. 76 except for latitudes 5°N-5°S.



Figure 78. As in Fig. 76 except for latitudes 0°-20°S.



Figure 79. As in Fig. 76 except for MAM.



Figure 80. As in Fig. 77 except for MAM.
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As in Fig. 76 except for JJA.Figure 82.



Figure 83. As in Fig. 77 except for JJA.



Figure 84. As in Fig. 78 except for JJA.



Figure 85. As in Fig. 76 except for SON.



Figure 86. As in Fig. 77 except for SON.



Figure 87. As in Fig. 78 except for SON.
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