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Figure 4: (Top panel) As for Figure 3, but for the 350K surface. The lower panel shows the region 
(shaded in black) which has been swept dcar of panicles during the first IOdays. 



or "mixing" zones. The meridional d tsplacemeru of air parcels in conjunction with the 
upward slope of the isentropes systematically processes air th rough the high-latitude, 
cold portions of the isentropic surface (Kelly, Thck, and Davies, 1991; Yang and Pierre­
humbert, 1994), and const itutes a potent drying mechanism. Dry air produced in this 

manner is distributed throughout the midlatitudes In the fo~ Of filaments. Gene ral 
circulation models which fall to resolve these filaments would mix the dry air into ad­

joining moist air, spuriously lowering the relativ e humidity of the moist filaments and 
thus inhibiting condensation. 

The extratropical mixing zone is bounded by a subtropical barrier, across which 
mixing is much weaker. Nonetheless, vigorous recirculating eddies of the subtropical 
"surf zone" episodically inject dry subtropical air and dry air of high-altitude mldlat­
itude provenance into the tropics. Such an event can be seen in the Central Pacific on 
the 330K level shown in Figure 3. The injection process Is very intermittent In the ver­
tical, and (in the Central Pacific) shows up neither on the 350K nor 315K surfaces. It 

should thus leave its mark on suitable Central Pacific soundin gs in the form of a dis­

tinct mid tropospheric layer of anomalously dry air. Aside from their direct effect on 
tropical humidity, the dry air incursions affect the relative humi dity of the air throu gh 

which precipitation is falling, and hence influence the precipitation efficiency. 

Ou r mixing calculations were performed using a fully lagrangian method , In 

which particles tagged with their ini tial latitude were placed ini tially on a t -degree lon­
gitu de by 1/2 degree latitude grid , whereafter their subsequent positions were tracked 
as they are adverted by the observed isentropic wind field . Since no new particles are 
added in this calculation, a sufficien tly s trong and sufficiently pers istent di vergence of 

the velocity field could in principle sweep an entire large-scale area clear of par ticles. 
This situation does not occur on the 315K or 330K surface, but It Is very prom inent in 
the tropi cs on the 350K su rface, as shown in the lower panel of Figure 4. Pers istent d i­

vergence implies a mass source su pplied to the Isentropic surface from other surfaces; 
in the prese nt case It pres uma bly arises from the outflow of the upward branch of the 

Walker circula tion in the Western Pacific. Th~ outflow on 350K is so strong that it ere­
ales a novel type of mtxtng barr ier; It leads to a trop ical "forbidden zone" Into which 
alien air cannot readily penetrate. Alrcraft~' sonde observations in this region should 
show a fairly un iform body ofair of low-altitude provenance. Longer- term integrations 
(not shown) Indicate that the air mass remains quite isolated until March 20, whereafter 

appreciable amounts of air from elsewhere in the tropics begin to leak in. 

Finally, there is the matter of mixing within the tropics due to large-scale trop­
ical trans ients . One is accustomed to the simp le Eulerian picture of the Hadley or 
Walker circulation in which air goes up , outwards and down, ultimately closing the 



loopin a low-level retu rn current. This would lead to extremely dry air In the subsiding 
branches, in the absence of compensating moisten ing processes. However, trajectories 
based on time-averaged winds gives a misleading picture ot'the true Lagrangian his­

tories of air parcels . Tropical transients are weak compa red to extra tropical transients, 
but the mean flow in which they are embedded is also weak. and so considerable mix­
ing is sti ll poss ible, albeit on a slower lime scale than prevaili ng in the extra tropics. The 
signature of latera l miJdng is clear In the tracer calcula tions shown in Figures 3 and 4. 

Lateral mixing of this type may export moist air from the warm-pool atmosphere, and 

thus provide an important moisture source for the regions of time-mean subsidence in 
the Hadley and Walker circulation. This mechan ism provides an alternative to the pro­
posal of Sun and Lindzen (1993), who imply that evaporation of hyd rometcors Is the 
primary moistening mechanism throughout the tropics. Their proposal seems prot>. 
lematic, because it Is far from clear that there are enough deep precip ita ting systems 
in the vicinity of the large-scale subsiding regions to provide the necessary moisture. 
While evaporation of hydrometeors is undoubtedly important in moistening air in the 
vicinity of deep cumulonimbus clouds, as we saw In the previous section,l atera l mixing 
is probably Important for redistributing this moist air throughout the descent regions. 
If laterallntratropical mixing indeed tums out to be a Significan t moisture source, an ad­
ditional bu rden woul d be imposed on the climate modeling enterprise: climate models 
would need to accurately reproduce tropical trans ients as well as the time-mean Hadley 
and Walker circulations. The representation of such features is not wholly satisfactory 
even in operational forecast models, and Is sti1l less so at the lower resolutions currently 
typical of clima te-oriented GeM's . 

4. Sum mary 

~ argue here that the distribution of water vapor in the atmosphere is controlled by 
cloud microphysical processes and by d e t aile~ advective processes which tend over 
time to lead to fine-scale filamentary structures. There is little If any reason to believe 
that microphysical processes are hand led in an y adequate way within eithe r parame-­
terized or explicit clouds within general circulation models, or that the eddy activity 
in such models is correctly edve cttng water vapor, particularly in the tropics. Since 
water vapor and the cloud iness which is quintessentially related 10 it are the principal 

greenhouse substances in the atmos phere, it is clear that a far better understanding of 
observed water substance distributions will be necessary before GeM's can be tested In 
a meaningful way. We believe that it is critical that suitable field programs be designed 
toquantify the distribution and budget of atmospheric water substance, particularly in 

the upper troposphere. 
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