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ABSTRACT

The authors have explored the factors governing upper-tropospheric relative humidity with a simple model
based on isentropic mixing and condensation. Our analysis has focused on the Northern Hemisphere winter
season and on the 315-K (dry) isentropic surface.

The advection—condensation model yields the following results. In the absence of moisture resupply, about
half of the mass of water is lost from the isentropic surface after only 10 days, with the main brake on drying
being the weak mixing between Tropics and extratropics. The moist plumes escaping from the Tropics take the
form of filamentary structures, which are more numerous and space filling in the summer/Southern Hemisphere
than in the winter/Northern Hemisphere. These moist plumes are accompanied by substantial importation of
extratropical dry air into the Tropics. The probability distributions of midlatitude relative humidity are bimodal,
with a prominent dry peak having a lognormal tail and a spike representing saturated air; the summer hemisphere
has generally higher relative humidity than the winter hemisphere. When moisture is maintained by periodically
resaturating the Tropics, the resulting cloud and moisture fields exhibit a fractal character, with a tendency to
become less space filling with distance from the Tropics.

Some tentative comparisons with data are made, which tend to confirm the advective control of relative
humidity patterns outside the Tropics. There are indications, however, that the advection—condensation model
with moisture resupply only from the Tropics yields an upper troposphere that is far too dry. The authors suggest
that the missing moisture is supplied from the 295-K isentropic surface via diabatic mixing arising in ascending,
convecting saturated trajectories near that surface.

As found in earlier passive tracer studies, the permeable mixing barrier between the Tropics and extratropics
has the potential to exert a controlling influence on the global climate.
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1. Imntroduction

Although the upper troposphere holds too little water
to exert a controlling influence on precipitation, the rel-
atively small amounts it does hold are crucial to deter-
mination of the climate. Water vapor itself, being
highly active in the infrared, greatly affects the cooling
of the atmosphere to space. The radiative impact of
upper-tropospheric water is further enhanced by
clouds, which contain truly miniscule amounts of water
but are nevertheless highly active owing to the emis-
sivity and scattering properties of liquid or solid water.
The Clausius—Clapeyron relation puts an upper bound
on the amount of water vapor the upper troposphere
can hold, but various processes will act to keep it un-
dersaturated to one degree or another. There are for-
midable difficulties in determining the present global
relative humidity distribution, and even in understand-
ing how model analysis/assimilation systems translate
the scant humidity data into a global relative humidity
field [for a sobering assessment, see Trenberth
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(1992)]. It would be useful to understand, in a general
way, how the tropospheric relative humidity distribu-
tion is determined.

Recent observational studies (Kelly et al. 1989;
Kelly et al. 1991) have suggested the importance of
nearly isentropic large-scale advective processes in de-
termining the water vapor distribution of the extratrop-
ical upper troposphere and lower stratosphere. In par-
ticular, Kelly et al. (1991) have proposed that cycling
of moist air through the cold polar upper troposphere
is the key means of manufacturing dry air in the extra-
tropics and argue that this nonlocal process extends the
influence of the cold austral pole to midlatitudes, lead-
ing to a striking asymmetry in tropospheric dryness be-
tween the Northern and Southern Hemisphere winters.
These processes are inextricable from the general mat-
ter of stratosphere—troposphere exchange. Outside the
Tropics, mixing along isentropic surfaces that cross the
tropopause is crucial to the exchange, and the atmo-
sphere on these surfaces is neither fully tropospheric
nor fully stratospheric, but rather a “‘jelly roll’’ admix-
ture of the two aspects. A lucid exposition of the role
of such mixing—and indeed of many other aspects of
stratosphere—troposphere exchange—can be found in
Danielsen (1993). While a certain number of case
studies have accumulated, there have been few at-
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the tropopause and do'not greatly participate in the tro-
pospheric circulation.

A quantitative model of this process can be accom-
plished by taking the Lagrangian isentropic passive
tracer code described in PY93, computing the satura-
tion vapor pressure over liquid' at each time step and
raining out sufficient moisture from each Lagrangian
parcel to keep the mixing ratio from exceeding satu-
ration. We call this the ‘‘advection condensation
model.”” The wind field employed in the calculation is
the same as in PY93, namely, the daily wind from the
GFDL R15L9 general circulation model; the model has
a quite realistic climate with regard to stationary waves,
zonal flows, and transient eddies, as detailed in the ref-
erences to PY93. This model-generated wind field is
employed rather than observed winds mainly because
PY93 has already provided a complete characterization
of the 315-K isentropic mixing for this case; having
established both the utility and the shortcomings of the
advection—condensation model in the present study,
we hope to eventually extend the analysis to observed
wind fields. We consider data beginning on 1 January
of the model year. As in the passive tracer case, the
advection typically generates scales in the concentra-
tion field that are much smaller than those of the ve-
locity field itself.

Because of the latent heat release accompanying
condensation, it is not strictly consistent to assume that
the parcels remain on the isentropic surface. For ex-
ample, a saturated parcel on the 315-K surface
launched at 600 mb at the edge of the Tropics would
rise to approximately the 330-K surface as it proceeds
poleward and all its moisture is condensed out. A parcel
launched at 500 mb rises only by 10°, at 400 mb by 3°,
and at 300 mb a mere 0.6°. Thus, most of the diabatic
ascent occurs in the vicinity of the Tropics. An unsat-
urated descending trajectory, on the other hand, may
be expected to more closely follow the dry adiabat,
except that it may sink a bit to lower surfaces owing to
radiative cooling. Because the winds vary slowly with
height, this drifting up and down among a bundle of
isentropic surfaces may not greatly effect the general
character of the moisture transport. However, in inter-
preting the results to follow, it is important to keep in
mind the asymmetry between ascending saturated tra-
jectories and descending unsaturated trajectories. The
former will be the locus of convection, upward diabatic
transport, and latent heating of the atmosphere; the
mass budget is closed by cross-isentropic transport to
lower 6 surfaces, on trajectories where radiative cool-
ing dominates latent plus solar heating. Some of this

' To make the behavior of the system simpler to understand, we
ignore the ice phase in this model. Strictly speaking, we should begin
to use the cryogenic saturation value for temperatures below 0°C,
which would enhance the desiccation for parcels that pass through
very cold regions, notably the high-latitude tropopause.
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could happen in ascending trajectories, but there is a
strong preference for the return path to occur in de-
scending trajectories, which are noncondensing. The
descending tongues also provide the clear-sky dry
regions through which the atmosphere can radiate ef-
fectively to space.

The first case we examine is that of moisture decay
in the absence of resupply of moisture to the atmo-
sphere. The 315-K isentropic surface is initially satu-
rated, and we examine the subsequent drying of the
surface as the mixing is allowed to proceed. Figure 2
shows some snapshots of the relative humidity evolu-
tion. As noted in PY93, the extratropical mixing zones
process most of the midlatitude air through the polar
regions within 30 days, which would desiccate the sur-
face in the absence of moisture resupply from the Trop-
ics and leave saturated air residing only in the polar
regions. In fact, there is considerable drying even dur-
ing the first 10 days, owing to the large midlatitude
slope of the 315-K surface. The moist and dry tongues
of air take the form of filamentary structures, in accor-
dance with the positive Lyapunov exponents found in
PY93. Similar structures have been seen in observa-
tions (Newell et al. 1992) and are a simple and inevi-
table consequence of chaotic advection. With a typical
Lyapunov exponent of 0.4 day ™' (PY93), one might
expect fine-grained structure at a scale of 400 km or
less after 10 days and 100 m after 30 days. A great deal
of finestructure is indeed visible, but the prominent sat-
urated tongues are rather broad even at 30 days. This
is because at any time the saturated air away from the
poles is young, having been only recently ejected from
the Tropics.

The main impediment to rapid desiccation of the
midlatitudes is the partial barrier to mixing at the
boundary of the Tropics. This allows moist air to re-
main in the Tropics for a long time, creating new sat-
urated extratropical air when it finally leaks out. Even
after 30 days, there are refugia of tropical air that re-
main moist, though by this time the midlatitudes are
quite desiccated and the most prominent pools of sat-
urated air reside in the cold polar regions. The weak
leakage of moist air from the Tropics is compensated
by an incursion of dry air from the extratropics. While
it is not clear that the magnitude of this source is sig-
nificant compared to the dry air produced in situ by
diabatic descent in the real Tropics, dilution by extra-
tropical dry air could be locally important in normally
moist convective regions like the western Pacific. This
would help sustain evaporation and would also provide
dry-air windows through which the warm regions of
the Tropics can radiate effectively to space.

It is interesting that the tropical moisture pattern
shows the signature of the intertropical convergence
zone south of the equator, despite the fact that our
model does not incorporate the cross-isentropic dia-
batic ascent in the ITCZ. The Eulerian-mean Hadley
circulation plays little role in establishing this pattern;
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the zonal mean/time mean meridional velocity in the
Tropics is nowhere greater than 0.1 ms~', which
would lead to only a 500-km drift in the trajectories
over 60 days. The segregation of tropical humid air in
a band south of the equator primarily reflects an inhi-
bition of mixing in the vicinity of the ITCZ, with per-
haps some help from a Lagrangian-mean drift toward
its center. The familiar example of Stokes drift in water
waves serves as ample reminder that the Lagrangian
transport can be large even when the Eulerian-mean
velocities are identically zero. In any event, these re-
sults imply that the Lagrangian Hadley circulation is
apt to differ substantially from the familiar Eulerian-
mean cell. The Lagrangian picture has received com-
paratively little attention, the work of Townsend and
Johnson (1985) being a notable exception. It remains
to be seen whether the strong trapping of moisture near
the ITCZ is an artifact of inadequacies of the tropical
circulation in the GFDL model; the appearance of a
Lagrangian-mean drift in the present: calculation nev-
ertheless suggests some interesting possibilities.

There are three major plumes of moist air flowing
into the Northern Hemisphere extratropics, whereas the
Southern Hemisphere pattern is dominated by a larger
number of smaller-scale mobile plumes. No doubt this
asymmetry is caused in part by the prominent Northern
Hemisphere planetary waves. Mixing between Tropics
and extratropics can also be expected to be sensitive to
tropical transients. This is sobering, for it cannot be said
that these transients are either well characterized by
observations or well represented by current models. Of
course, one also expects cross-isentropic transport to
be critical in the Tropics, both for moistening (in con-
vective towers and evaporating precipitation shafts)
and for drying (in the diabatic descent compensating
for the mass flux in convective towers).

The decay of hemispheric and global water content
of the isentropic surface is shown in Fig. 3. Because of
the strong increase of saturation vapor pressure with
temperature, the curve is primarily sensitive to the
warm tropical and subtropical portions of the surface.
There is initially a rapid drop, with nearly half of the
initial mass of water being lost in the first 10 days. This
is associated with advection of subtropical air along the
steep midlatitude slope of the 315-K surface. Subse-
quent drying is more gradual, owing to the limited com-
munication between the Tropics and extratropics. The
flat portion of the Southern Hemisphere curve between
days 15 and 40 is primarily due to the humid air trapped
near the ITCZ, which leaks out exceedingly slowly.
After 60 days, 25% of the initial mass of water remains.

Histograms of relative humidity contain a great deal
of information about the drying process. In Fig. 4, his-
tograms are shown at day 10 and day 30 for various
latitude bands. These histograms are computed from
data interpolated to a 1° grid, and the counts of how
many boxes fall in each relative humidity bin are
weighted according to the grid box area. The drying
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FIG. 3. Global and hemispheric water content on the
315-K surface as a function of time.

process is seen to be most effective in midlatitudes.
Here, the histograms reflect a competition between dry-
ing by advection along the midlatitude slope, and
moistening by injection of new tropical air. After 10
days, the peak relative humidity has shifted to 15% in
the Southern Hemisphere and 5% in the Northern; it is
important to note that the winter hemisphere is drier in
relative as well as absolute terms. At 10 days there is
still a prominent saturated peak as well, caused by sat-
urated tongues of air that are reaching the midlatitudes
from the Tropics for the first time. By 30 days, the
saturated midlatitude peak is nearly gone, and the dry
peak has moved to nearly zero humidity. At this time,
the tail of the distribution can be well fit by a lognormal
curve, suggestive of the random walk process discussed
briefly in Soden and Bretherton (1993). The overall
evolution is characterized by a saturated peak decaying
and a very dry peak growing, rather than a single peak
moving continuously from saturated to dry values.
These distinct populations of wet and dry air arise from
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FIG. 4. Area-weighted relative humidity histograms for various latitude bands at (a) 10 days and (b) 30 days.
Computed from data interpolated to a 1° grid.
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the strong nonlinearity of the Clausius—Clapeyron
equation and the long-range spatial correlations of the
advecting field. Poleward/upward trajectories quickly
become saturated, while equatorward/downward tra-
jectories rapidly become highly undersaturated. Mixing
between moist .and dry air, such as might be produced
by turbulent three-dimensional mixing in convective
regions, would be needed to produce a unimodal dis-
tribution of intermediate humidity air. In the Tropics
and near the poles, the bimodality would be less pro-
nounced, owing to the smaller temperature contrasts
prevailing in these regions.

The Tropics have not dried nearly as much after 10
days. There is a saturated peak at 100% and a second-
ary peak near 60% in both hemispheres. In addition,
the Northern Hemisphere has developed a dry peak re-
sulting from invasion of extratropical air. By 30 days,
the saturated peak has vanished and both hemispheres
have developed a prominent dry peak, representing in-
vasion of dry extratropical air. For 0°~30°N, the pro-
portion (by area) of air with with 20% relative humid-
ity or less is 15% at 10 days and 55% at 30 days. In
the southern/summer Tropics (0°-~30°S ) the dry air ac-
counts for 6% of the area at 10 days and 35% at 30
days. There is still, however, a broad population of in-
termediate saturation air centered on 40% relative hu-
midity. Even though the mean slope of the 315-K sur-
face is small in the Tropics, there is drying due to var-
ious transient vertical undulations of the surface, and
this in part is responsible for the lack of saturated air.
Because these tropical undulations are at least partly
due to latent heating, though we neglect the associated
cross-isentropic transport, the in situ tropical drying
must be regarded with suspicion. In reality, the drying
produced by this mechanism will be partly offset by
cross-isentropic moistening processes.

Because the polar regions contain the coldest air,
desiccation by advective processes is less effective. The
histograms show a saturated peak even at 30 days, with
a broad shoulder extending to 20% in the Northern
Hemisphere and 40% in the Southern. In contrast with
the midlatitudes and Tropics, there is no peak near zero
relative humidity. Nonetheless, the slope of the isen-
tropic surface near the poles is sufficient to produce a
marked population of undersaturated air.

In both the Tropics and extratropics, nearly saturated
air is still rather common after 10 days, so there would
be considerable high-cloud cover at these times. Based
on an 80% relative humidity criterion, areal cloud cover
would be 13% for the 30°-60°S band, and 21% for the
30°-60°N band. By 30 days, nearly saturated air is
quite rare except in polar regions, and so the only ap-
preciable clouds remaining would be polar strato-
spheric clouds with low water content. Midlatitude
cloud cover at this time is only 8% in the winter/
Northern Hemisphere and 5% in the summer/Southern
Hemisphere. These cloud cover estimates are based on
a 1-degree grid. In the next section will show how areal
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cloud cover varies with the box size. On the whole, the
Northern Hemisphere has lower relative humidity than
the Southern, but it nevertheless manages to have a
greater population of nearly saturated air.

3. Equilibrium meisture distributions

Now we consider an equilibrium situation, in which
the drying described above is balanced by moisture re-
supply from the Tropics. The simulation is started with
no particles; new saturated particles are introduced
every two days on a 1-degree grid covering the band
15°S to 15°N. When interpolating to a grid for the pur-
poses of display or analysis, grid boxes unoccupied by
a particle are assumed to represent completely dry air.
A snapshot of the relative humidity field after 60 days
is shown in Fig. 5.

Despite the symmetry of the moisture source, the
tropical moist band is shifted to the south of the equa-
tor. The pattern has two other qualitative features seen
earlier in the decay experiment: First, the summer/
Southern Hemisphere is occupied by small-scale struc-
tures, whereas the winter/Northern Hemisphere has
larger-scale and more organized saturated plumes. Sec-
ond, the summer/Southern Hemisphere ‘‘fills up’” with
moisture more than the winter/Northern Hemisphere.
The main difference with the decay simulation shows
up in the polar regions, which remain very dry, espe-
cially in the Northern Hemisphere. Even after 60 days,
very little tropical air has invaded these regions, and
thus we do not find the prominent caps of polar lower-
stratospheric clouds seen in the decay run.

Histograms accumulated for days 50—60 of the equi-
librium run are shown in Fig. 6. These were computed
from snapshots of humidity fields taken one and two
days following each tropical resaturation, the latter be-
ing taken immediately before resaturation. In all cases
there is a spike at zero relative humidity, representing
unoccupied grid boxes; more will be said shortly about
the proportion of air accounted for by the dry spike.
Plotting of the spike has been suppressed in Fig. 6 so
as to emphasize the remainder of the distribution. In
the polar regions the results generally resemble the 30-
day histograms shown in Fig. 4, having a Northern
Hemisphere peak humidity around 20% and a broad
Southern Hemisphere distribution extending from
around 50% to saturation, where there is a spike. The
midlatitudes show the bimodal wet/dry pattern familiar
from the decay case. The Northern Hemisphere histo-
gram has the same lognormal shape noted previously,
but the summer/Southern Hemisphere data are consid-
erably less steep and exhibits a much greater population
of moist air. This suggests that the summer/Southern
Hemisphere midlatitudes communicate more freely
with the Tropics than do the winter/Northern midlati-
tudes. Despite resaturation every two days, the Tropics
retains very little saturated air. The tropical histograms
are trimodal, with a dry peak representing imported ex-






