
JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 100, NO. D4, PAGES 7363-7379, APRIL 20, 1995 
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general circulation model 
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Abstract. The application of general circulation models (GCMs) to stratospheric chemistry and 
transport both permits and requires a thorough investigation of stratospheric water vapor. The 
National Center for Atmospheric Research has redesigned its GCM, the Community Climate 
Model (CCM2), to enable studies of the chemistry and transport of tracers including water vapor; 
the importance of water vapor to the climate and chemistry of the stratosphere requires that it be 
better understood in the atmosphere and well represented in the model. In this study, methane is 
carried as a tracer and convened to water; this simple chemistry provides an adequate representation 
of the upper stratospheric water vapor source. The cold temperature bias in the winter polar strato- 
sphere, which the CCM2 shares with other GCMs, produces excessive dehydration in the southern 
hemisphere, but this dry bias can be ameliorated by setting a minimum vapor pressure. The 
CCM2's water vapor distribution and seasonality compare favorably with observations in many re- 
spects, though seasonal variations including the upper stratospheric semiannual oscillation are 
generally too small. Southern polar dehydration affects midlatitude water vapor mixing ratios by a 
few tenths of a part per million, mostly after the demise of the vortex. The annual cycle of water 
vapor in the tropical and nonhem midlatitude lower stratosphere is dominated by drying at the trop- 
ical tropopause. Water vapor has a longer adjustment time than methane and had not reached equi- 
librium at the end of the 9 years simulated here. 

1. Introduction 

In the troposphere, water in all phases plays a crucial role 
in the energetics of atmospheric transport and in daily 
weather: its phase changes release latent heat, providing an 
internal energy source for circulations of all scales. In the 
stratosphere, where its concentration is orders of magnitude 
smaller and its turnover time is orders of magnitude longer, 
water vapor also plays a crucial role, though for different rea- 
sons. It plays a chemical role, for instance as a source of OH 
radicals which participate in most chemical cycles in the 
stratosphere, and a radiative role, as an absorber and emitter of 
infrared radiation and as an absorber of solar radiation. Water 

vapor is unique among long-lived trace gases in that it occa- 
sionally saturates under stratospheric conditions (Figure 1), 
and its saturation varies strongly with temperature, approxi- 
mately a factor of 6 for a 10 K adiabatic temperature change. 

The strong dependence of water vapor saturation on temper- 
ature is arguably the most interesting and useful attribute of 
water, from the standpoint of tracer studies; it has contributed 
in myriad ways to the advancement of our understanding of the 
middle atmosphere, as a brief historical overview shows. 
Prior to the late 1940s, it was generally assumed that the 
stratosphere was in radiative equilibrium and its composition 
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affected only by turbulent diffusion which mixed species up 
from the troposphere [Brewer, 1949]. But in analyzing water 
vapor measurements over England, Brewer concluded that the 
observed mixing ratios were considerably lower than the min- 
imum saturation mixing ratios at the local tropopause, while 
the upward diffusion model would imply mixing ratios equal to 
the local minimum saturation mixing ratio. He deduced that 
stratospheric air in midlatitudes must have entered the strato- 
sphere in the tropics, where frost points were sufficiently low 
(190-195 K) to explain the observed mixing ratios. 

The observed lower stratospheric water vapor mixing ratios 
imply a limited location and season of troposphere-strato- 
sphere mass transfer [Holton, 1984], since temperatures must 
be low enough to remove nearly all water vapor by saturation 
(the "cold trap"). Thus although annual mean, zonal mean 
tropical tropopause temperatures are too warm to explain ob- 
served lower stratospheric water vapor mixing ratios, the cold 
trap condition is met at some times and locations. Newell and 
Gould-Stewart [1981], for instance, identified locations and 
times when tropical 100-hPa temperatures were low enough to 
explain the observed lower stratospheric mixing ratios. 

In addition to identifying locations and times of strato- 
sphere-troposphere exchange, the strong dependence of water 
vapor saturation on temperature has posed a great challenge to 
in situ measurements. Because water vapor mixing ratios are 
so much higher in the troposphere than in the stratosphere (1- 
10 parts per hundred, compared to 1-10 parts per million), 
even minute contamination of the instrument can overwhelm 

stratospheric measurements; after passage through the cold 
tropopause, much higher stratospheric temperatures can sub- 
limate any condensate acquired on ascent and can raise mea- 
sured vapor amounts considerably above the actual vapor 
amount. For example, Kley et al. [1979] found values exceed- 
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Figure 1. Saturation mixing ratio (parts per million by volume, solid contours) and potential temperature 
(Kelvin, dashed contours) for selected stratospheric pressures and temperatures. 

ing 100 ppmv at 30 km and found that by increasing the flow 
rate through the instrument and by heating it for several min- 
utes before descent, they could reduce peak mixing ratios by a 
factor of 10. 

The measurements taken by remote methods, for instance, 
by rocket or ground-based radiometers, generally showed no 
increase of water vapor with height in the stratosphere. It was 
thus reasonable to doubt, as did Ellsaesser [1983], whether the 
increase with height measured by in situ methods was real or 
was an artifact of the outgassing problems mentioned above. 
Latitudinal variations were similarly difficult to deduce; Har- 
ries' [1976] comprehensive review indicated that lower strato- 
spheric water vapor decreased with latitude. 

Most such uncertainty and misconception was dispelled 
when the Nimbus 7 Limb Infrared Monitor of the Stratosphere 
(LIMS) conducted the first global, satellite-based measure- 
ments of stratospheric water vapor from October 1978 to May 
1979 [Russell et al., 1984, Remsberg et al., 1984]. Results 
clearly showed that stratospheric water vapor had a minimum 
in the tropics which increased gradually poleward and upward. 
The upward increase in height was consistent with a photo- 
chemical source of water vapor from the destruction of 
methane, as was suggested by Ellsaesser [1974]. Measure- 
ments near the tropical tropopause have low accuracy 
[Remsberg et al., 1990b], and the LIMS water vapor values 
there are both much lower and much less seasonally dependent 
than other observations indicate. 

A series of ER-2 aircraft studies of stratospheric water vapor 
[Kley et al., 1982, Kelly et al., 1989, 1990, 1993] have fo- 
cused on the two stratospheric regions where temperatures and 
pressures are favorable for saturation: the tropical tropopause 
and the polar vortices. The latter region has come under 
scrutiny since the discovery of dramatic, seasonal ozone de- 
pletion, while stratosphere-troposphere exchange takes place 
in the former region. The role of water vapor in ozone deple- 
tion is critical: condensation within the extremely cold polar 

vortex forms polar stratospheric clouds (PSCs), whose sur- 
faces permit extremely fast heterogeneous chemical reactions 
to liberate chlorine from reservoir species; active chlorine 
then catalytically attacks ozone (see, for example, Molina et 
al. [1987]). PSCs generally contain not just water ice but also 
nitric acid trihydrate (NAT) or nitric acid dihydrate (NAD), 
which condense at slightly higher temperatures than water ice 
crystals. 

Western hemisphere tropical measurements of lower strato- 
spheric water vapor [Mastenbrook, 1968, 1974; Kley et al., 
1979, 1982] generally showed a minimum in water vapor that 
was above the tropopause and drier than the local minimum 
saturation, just as in mid-latitudes, implying a source at an- 
other location (or time). Newell and Gould-Stewart [1981 ] and 
Robinson and Atticks Schoen [1987] identified the most 
likely source of stratospheric dry air as the "maritime conti- 
nent" region (near Indonesia) during northern winter. The 
tropical measurements of Kelly et al. [1993] conclusively 
showed that in this region, minimum mixing ratios were coin- 
cident with the local tropopause and low enough to explain 
observed low values at other times and locations. 

While LIMS provided measurements for only 7 months, the 
Stratospheric Aerosol and Gas Experiment (SAGE II) has pro- 
vided continuous measurements of stratospheric water vapor 
since 1985; results from 1985-1989 have recently been pub- 
lished [Rind et al., 1993] and show interesting details of the 
seasonal and interannual variations which will be discussed 

below. The Upper Atmosphere Research Satellite (UARS), 
launched in September 1991, bore four instruments capable of 
measuring water vapor: the microwave limb sounder (MLS), 
improved stratospheric and mesospheric sounder (ISAMS), the 
halogen occultation experiment (HALOE), and the cryogenic 
limb array etalon spectrometer (CLAES). Preliminary water 
vapor results from UARS have already been published [Har- 
wood et al., 1993; Mote et al., 1993; Tuck et al., 1993]. 

The various observations mentioned above agree on some 
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aspects of the stratospheric water vapor distribution and time 
dependence. During most of the year, minimum mixing ratios 
occur at or just above the tropical tropopause and are larger in 
northern summer than northern winter. Mixing ratios increase 
upward and poleward, largely due to methane oxidation in the 
upper stratosphere. As a result of the seasonal cycle in both 
transport and tropical tropopause mixing ratios, the minimum 
in midlatitudes occurs in about March in both hemispheres 
[Mastenbrook and Oltmans, 1983; McCormick et al., 1993]. 

But there are numerous puzzles about the observed water va- 
por distribution. The Brewer-Dobson model assumed that mid- 
latitude lower stratospheric water vapor mixing ratios are di- 
rectly influenced by air that has recently passed through the 
tropical tropopause; is it possible that some of this influence 
is polar, as was suggested by Stanford [1973] and Tuck et al. 
[1993]? What are the distribution and seasonal cycle of water 
vapor in the lower stratosphere, where satellite instruments 
have difficulty observing? Is the elevated hygropause, that is, 
the presence of a water vapor minimum above the local 
tropopause, indeed due to transport from a distant source re- 
gion? 

The purpose of this paper is to address some of these ques- 
tions with a general circulation model (GCM), and also to out- 
line some of the shortcomings of using a GCM to study strato- 
spheric water vapor. Previous GCM studies of water vapor did 
not includ• methane photochemistry. Allam and Tuck [1984] 
discussed water vapor in their GCM, which had low vertical 
resolution (13 levels) and no water vapor source. Le Texier et 
al. [1988] used a two-dimensional (2-D) model and performed 
detailed photochemical calculations of water and many other 
species. In the lower stratosphere, however, the longitudinal 
dependence of stratosphere-troposphere exchange renders a 2- 
D model inadequate for studying water vapor. Cariolle et al. 
[1990] simulated the Antarctic ozone hole using a fairly high- 
resolution GCM but only showed lower stratospheric water 
vapor for that region and season, and they did not mention a 
stratospheric source of water vapor. Rasch et al. [1995] under- 
took a most ambitious effort: a thorough treatment of strato- 
spheric chemistry and dynamics, representing about twenty 
trace constituents and several dozen reactions in a GCM. They 
included detailed water vapor photochemistry, and this work 
should be considered as complementary to theirs. 

2. Description of the General Circulation Model 

The general circulation model used in this study is the new 
version of the NCAR Community Climate Model (CCM2). 
The CCM2, a global spectral model, represents a complete re- 
design of the CCM and is ideally suited to the study of tracers 
in the stratosphere. It employs a semi-Lagrangian (SLT) 
scheme for constituent transport [Rasch and Williamson, 
1991], a new convective mass flux approach to parameterized 
convection [Hack, 1994], and improved treatment of clouds 
and longwave and shortwave radiation. A complete descrip- 
tion may be found in the work of Hack et al. [1993]. Momen- 
tum sinks above the boundary layer are provided both by pa- 
rameterized gravity wave drag and by Rayleigh friction in the 
mesosphere. 

This study used a middle atmospheric version of the CCM2 
which extends vertically to about 75 km and has much finer 
vertical resolution than in the standard 19-level (L19) version 
of CCM2. The vertical resolutions used here were L35 with 

roughly 2.5 km spacing between levels in the middle atmo- 
sphere, L75 with roughly 1-km spacing, and L44 with roughly 
1.5 km spacing. The L35 and L75 runs were performed using a 
horizontal resolution of triangular-31 (T31) resolution, ap- 
proximately 3.75 ø x 3.75 ø, and the L44 run used a trapezoidal 
truncation (T42x21), approximately 2.8 ø x 5.6 ø. As the 
CCM2 was under development during this study, an earlier and 
a later version were used, called here v 13 and v 17. 

A modeling study of middle atmospheric water vapor re- 
quires a representation of the methane source. This can be ac- 
complished by specifying the production term, by carrying 
methane as a tracer and including some simple chemistry, or 
by including a large number of chemical species and reactions. 
I have taken the second approach, while Rasch et al. [1995] 
have adopted the third approach. Methane is a useful tracer for 
diagnosing the residual circulation of the model and for vali- 
dating with satellite observations. 

The chemistry of methane oxidation with respect to water 
falls between two extremes [Remsberg et al., 1984]: 

CH n + 3.502 + hv •, 1.5H20 + CO + 0.5H 2 + 1.503 (1) 

CH n + 302 + hv •, 2H20 + CO + 03 (2) 

that is, between 1.5 and 2.0 water molecules produced per 
methane molecule oxidized. With respect to the tracers con- 
sidered here, these equations can be simplified as 

CH4 + hv •, [5H20 (3) 

The 2-D modeling results of Le Texier et al. [1988] and an 
analysis of both LIMS (H20) and SAMS (CH4) observations 
[Hansen and Robinson, 1989] indicate that the value of [3 in- 
creases with height in the stratosphere, reaching values close 
to 2 at the stratopause. At this altitude the photodissociation 
of methane is most efficient; for this reason and because some 

H 2 in (1) is ultimately converted to water vapor, in this 
study [5 is set to 2, overestimating (by perhaps 10%) the equi- 
librium amount of stratospheric water vapor. The value of 13 
was doubled for part of year 4 to speed the moistening of the 
stratosphere. The methane mixing ratio was fixed at 1.5 ppmv 
in the lower troposphere, a lower value than is presently ob- 
served. In the stratosphere, the initial distribution of methane 
was taken from a simulation using the 2-D model of Garcia and 
Solomon [1983]; the rate constants for reaction (3) were also 
taken from their model and are functions of latitude, height, 
and month. 

Water vapor is completely determined by model processes 
(including, in this case, methane oxidation) and interacts with 
radiation. The initial condition for water vapor, as for other 
dynamic fields, was output from a multiyear T31, v13 run. The 
stratosphere was quite dry, with values below 1 ppmv in the 
upper stratosphere and about 2.5 ppmv in the lower strato- 
sphere. 

A time line of the integrations performed in this study is il- 
lustrated in Figure 2. All major runs began and ended on 
September 1. Most of the discussion below will focus on the 
4-year simulations at T31L35 (run A) and T42x21L44 (run B), 
which differed in many respects, not just resolution. Run A 
used CCM2 v13, while run B used v17; radiative calculations 
were done half as often in run B, and Rayleigh friction was 
greater above 50 km in run B. The 180-day "control" and "no- 
dehydration" runs, which are discussed in section 5, used 
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Figure 2. Time line of CCM2 simulations. Dates are shown from September 1 year 0 (9/1/00) to Septem- 
ber 1 year 9 (9/1/09). Heavy arrows denote major model runs, with resolution indicated below the arrow. 

T31L35 resolution and v17 and were initialized on June 1 of 

the fourth year of run A. 
The CCM2, like other GCMs, suffers from a cold polar bias 

which is particularly acute in the southern winter middle 
stratosphere' temperature errors can exceed 40 K and are ar- 
guably due to deficiencies in the gravity wave drag [Garcia and 
Boville, 1995]. The temperatures reached (<170 K) are suffi- 
ciently cold to reduce mixing ratios to a few tenths of a part 
per million, and the cold bias produces condensation at alti- 
tudes much higher than observed (see section 5). As a partial 
remedy to this cold bias, the saturation vapor calculation in 
the CCM2 includes a dehydration limiter which operates as 
follows: for temperatures below a critical value Ting n, the satu- 
ration vapor pressure es(T) is set to es(Train). The default value 
of rmi n is 173 K, but raising it to 181 K (as was done in tests 
and in run B) limits dehydration. For the very low mixing 
ratios in the stratosphere, the mixing ratio is roughly 
proportional to the vapor pressure divided by the ambient 
pressure. Consequently, the higher value of rmi n has greatest 
impact at lower pressures, which is, conveniently, where the 
greatest temperature bias in the CCM2 occurs. Six-month test 
runs with the two values of rmi n are dynamically similar. 

3. Transient Adjustment of the Model 
Stratosphere to Water Vapor Sources 

In general, the distribution of a tracer in the atmosphere re- 
flects an approximate balance between transport and the 
sources and sinks of the tracer. If the tracer distribution is ini- 

tially out of balance, the system tends to restore the balance. 
The duration of this transient adjustment depends on the mag- 
nitude of the initial imbalance and on the characteristics of the 

transport and the sources and sinks, and thus provides an indi- 
cator of response times to arbitrary changes, such as enhanced 
surface flux (for surface-source tracers) or a reorganization of 
the circulation. 

The moistening of an initially dry middle atmosphere takes 
many years, as does the adjustment of total stratospheric 
methane to the CCM2 circulation. A consideration of tracer 

budgets permits one to quantify response times. The general 
form of the tracer continuity equation is 

Dz / Dt = S (4) 

where Z is the tracer mixing ratio, 

D O u O v O O 
•= •• ••+(O• 

Dt Ot a cos • OJ, a0• Op 

is the substantial derivative in spherical, pressure coordinates, 
and S is the combined source/sink term. Using the continuity 
equation, (4) can be rewritten in flux form as 

O 1 O 1• O O-•(x) + • (ux) +- (vx) + (fox) = s (5) Tp 

Integrating over the whole globe and from pressure Po to the 
top of the model Pt, where o0=0, gives 

where {Z} = I"ø[z]dP and [Z] denotes a global average on a Pt 

pressure surface. The forms of equation (6) for water vapor and 
methane are 

c• { CH4 } = -[ roCH4 ]1 •,{, - { rCH4 } ( 7 a) Ot 

---O {H20}=-[roH20]lp ø +/J{rCH4}-L (7b) Ot 

where r=r(O),z,t) and • are the methane loss rate and 
conversion efficiency, respectively (see section 2). The term 
L represents water vapor loss due to condensation. 

It is then possible to associate a time scale with each pro- 
cess. For the total tracer {Z} above a level Po, the time scale 'c 
of a process represented by a term ( on the right-hand side of 
equations 7a and 7b is simply 

•={x}/l•l. (8) 

The timescales of the processes • are summarized in Table 1 
for year 4 of run A with Po =49 hPa. The two tracers still have 
not reached equilibrium, and their tendencies are nonzero. 

The long times in Table 1 imply that middle and upper 
stratospheric methane will be approaching equilibrium after 
the 9 years of simulation here, but water vapor will take longer 
to come to equilibrium. As the total tracer {Z} approaches 
equilibrium, the left side of equation (6) goes to zero and the 
two terms on the right become equal in magnitude; conse- 
quently the times 'c represented in Table 1 would also become 
equal for each tracer and would fall between the values calcu- 
lated when the tracer is out of equilibrium. 

It would be instructive to examine the evolution of the water 

vapor field from a dry stratosphere to the beginning of this 

Table 1. Timescales (years) for Tracer Changes Above 49 hPa 

Source/Sink Net Flux 

Methane 10.3 7.3 

Water Vapor 14.0 37.2 
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run, in order to study the influence of dynamics in the absence 
of the methane source. Unfortunately, it is impossible to re- 
construct a history of the water vapor field because the ances- 
tral model runs have been deleted; the transient process of bal- 
ancing equation (7b) without a methane source cannot be ob- 
served. 

It is, however, possible to examine the response of total 
stratospheric water and methane for the 9 years of integration 
performed for this experiment. Because the vertical resolution 
changes, the {Z} term in equation (6) is better represented as a 
mean mixing ratio than as a total mass. The values of Po cho- 
sen here, 100 hPa, 25 hPa, and 1 hPa, are representative of the 
lower and upper stratosphere and of the mesosphere, respec- 
tively, and also fall relatively close to model levels at all three 
resolutions. The two processes represented in equation 6, net 
advection through the pressure surface Po and chemical destruc- 
tion or production above Po, are time-dependent and the former 

in fact depends upon the balance of transport and chemistry 
below Po. 

Figure 3 shows the globally averaged, mass-weighted mean 
water vapor mixing ratio above these levels for 9 years, and of 
methane above 25 hPa. A gradual increase is evident in the 
lower stratosphere (Figure 3a) between year 2 and year 7; in 
the last 2 years, changes in total stratospheric water are quite 
small. The increase in total water modulates a weak annual cy- 
cle whose minimum occurs in January and maximum in 
September. In the upper stratosphere (Figure 3b), water in- 
creases fairly steadily throughout the run and has not reached 
equilibrium at the end of 9 years, consistent with Table 1. A 
barely perceptible annual cycle has a minimum in August. In 
the mesosphere (Figure 3c), equilibrium appears to be reached 
after 4 years, but in the seventh year, water vapor again begins 
to increase. A weak semiannual oscillation is present. 

Methane equilibrates more rapidly than water vapor but re- 
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Figure 3. Global mean mixing ratio above different levels for 9 years of CCM2 runs: (a) water vapor 
above 100 hPa; (b) water vapor above 25 hPa; (c) water vapor above 1 hPa; (d) methane above 25 hPa. Res- 
olution changes (see Figure 2) are indicated by vertical lines. 
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Figure 4. Zonal mean water vapor mixing ratio in January 
year 4, run A. Contour interval is 0.25 ppmv. 

sponds more dramatically to the T31L75 resolution (Figure 
3d). The chemical lifetime of methane decreases markedly 
with height in the stratosphere, and consequently methane 
equilibration times do as well. In the lower stratosphere (not 
shown), equilibration time is greater than 4 years, and the 
trend is downward throughout run A (years 1-4) and upward 
throughout run B (years 6-9). An abrupt sign change of the 
tendency of {Z} can only be due to the first term in (7a), since 
the second depends only on {Z}; we can infer therefore that the 
methane (and mass) flux at 100 hPa in run B exceeds that in run 
A. In the upper stratosphere (Figure 3d) and the mesosphere, 
the equilibration time is much more rapid, 2 or 3 years for the 
upper stratosphere and about one year for the mesosphere. At 
greater altitudes the annual cycle, including a significant semi- 
annual component in the mesosphere, becomes evident. 

The trends in methane and water vapor are large enough to 
mask features of the annual cycle, and where indicated, figures 
shown below have had a linear trend removed. The trend is 

calculated by finding the best fit line, subtracting the linear 

time-varying component from the time series, and then adding 
the value at the ending point. The last step ensures that the 
annual and interannual variations shown in these figures re- 
flect variations about the final state, which is closest to equi- 
librium. 

4. Annual Cycle of Stratospheric Water Vapor 
and Methane 

Figure 4 shows the zonal mean water vapor concentration 
for the fourth January of run A. The significant features are a 
broad maximum in the upper stratosphere and lower meso- 
sphere, an upward bulge of dry air in the tropical middle strato- 
sphere, and in the lower stratosphere, a minimum in the lower 
stratosphere which increases monotonically from south to 
north. The lowest mixing ratio, 2.2 parts per million by vol- 
ume (ppmv), occurs in the southern polar lower stratosphere. 

Observed January mean water vapor mixing ratios from var- 
ious global satellite data sets (see section 1) are shown in Fig- 
ure 5. Chiou et al. [1993] have compared the LIMS and SAGE 
II water vapor data; for the present discussion their similarities 
are of more interest than their differences. All of the satellite 

observations (including unpublished UARS data) agree that 
there is a tropical minimum of 2-3.5 ppmv, and that mixing 
ratios increase upward and poleward, reaching a maximum at 
stratopause level of 6-8 ppmv. The CCM2 satisfactorily re- 
produces observed water vapor in the upper stratosphere, but is 
completely different from the observations in the lower 
stratosphere for run A. 

The differences in the lower stratosphere between model and 
observations can be traced to two regions where saturation oc- 
curs and temperature errors are magnified: the tropical tropo- 
pause, where very low temperatures are too rare in the model, 
and the southern polar vortex, where very low temperatures are 
all too common in the model. At this resolution the CCM2 

produces no closed contours around the tropical minimum, and 
instead, the minimum water vapor mixing ratio occurs in the 
southern polar lower stratosphere, even in January. The rea- 
sons for the first discrepancy have been discussed by Mote et 
al. [1994]; briefly, there is too little mass transport into the 
stratosphere under low mixing ratio conditions for three rea- 
sons. First, the vertical temperature minimum is constrained 

a so , '..2.,.q b so ........ , , 
45 45 
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• 35 ,• 35 • - 
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Figure 5. As in Figure 4 but for (a) LIMS in January 1979 (from the archived LIMS LAMAT data set 
[Remsberg et al., 1990a]), (b) SAGE II January 1986-1991 mean [provided by E.-W. Chiou; see McCormick 
and Chiou, 1994]. Contour interval is 0.5 ppmv. 
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Figure 6. As in Figure 4 but for year 9 (run B). 

to occur at a model level, which at L35 resolution l•roduces a 
_ 

minimum at 99 hPa; observed minima, especially in the 
"stratospheric fountain" region, tend to occur at lower pres- 
sures [Frederick and Douglass, 1983; Selkirk, 1993]. Second, 
resolved-scale circulations produce excessive vertical mixing. 
Third, the time variance of temperature appears to be too small 
in the model; extreme values occur too seldom. 

Run B included nonphysical solutions to these two prob- 
lems. One solution is finer vertical resolution in the lower 

stratosphere, which permits the tropopause to form at 86 hPa 
and partly compensates for the three inadequacies listed above 
by reducing the mean tropopause temperature. The second 
problem can be addressed by raising the minimum saturation 
vapor pressure as was discussed in section 2. Run B also 
included enhanced Rayleigh friction in the upper stratosphere, 
which warms the southern polar region. 

Figure 6 shows the impacts these alterations have on the 
zonal mean water vapor distribution in January. In the trop- 
ics, closed contours now appear around a considerably drier 
minimum, while the remnants of polar dehydration are less in- 
fluential. This may be compared with Figure 4, and it can be 
seen that Figure 6 more closely resembles LIMS and SAGE II 

observations, in that the effects of polar dehydration are con- 
siderably diminished and the tropical minimum is enhanced. 

The seasonal cycle can be seen in time series of monthly, 
zonal means of the two tracers. The following discussion will 
focus on run B, since it is tuned to produce a somewhat better 
simulation than run A. Figure 7 shows zonal mean, monthly 
mean 86-hPa water vapor plotted as a function of time and lati- 
tude for the 4 years of run B. Water vapor is strongly affected 
by saturation at this level and shows rather complex behavior. 
In the southern winter and early spring, thorough dehydration 
within the polar vortex dominates the high-latitude water va- 
por distribution. In the tropics, a minimum somewhat less 
than 3.5 ppmv appears in about January each year as 
tropopause temperatures decrease to their lowest values, in 
agreement with studies using radiosonde data [e.g., Newell and 
Gould-Stewart, 1981]. A curious feature develops in the sub- 
tropics each year in April-August, peaking in September or 
October: a maximum of around 6 ppmv, which indicates con- 
siderable flux from the troposphere at high local saturation 
mixing ratios. The cause of this feature is unclear. 

The run A annual cycle at 99 hPa (not shown) is substan- 
tially the same as the run B annual cycle at 86 hPa. The chief 
differences are that in run A, mixing ratios are higher in the 
tropics and lower in southern midlatitudes, and that in north- 
ern hemisphere high latitudes, both water vapor and methane 
increase during winter. This increase suggest some influence 
of tropospherii: air and extends to about 20 km and seems to be 
due to stationary eddies which are not as pronounced in run B. 

In the middle stratosphere, water vapor has a simpler annual 
cycle than in the lower stratosphere, and differences between 
the two simulations are more pronounced. In run B (Figure 8a) 
the minimum tropical water vapor is approximately Sun-syn- 
chronous, reaching its maximum southward position (about 
30øS) in February and its maximum northward position (0 ø) in 
July. At high latitudes in winter, water vapor increases due to 
subsidence, though in the southern hemisphere the seasonal 
dehydration masks the increase after May. Methane (Figure 
8b) lags water vapor by about 3 months in the tropics and 
closely resembles its counterpart in run A (not shown); note 
also the high-latitude wintertime decrease. 

In run A (Figure 8c), however, there is little annual cycle 
except in the southern middle and high latitudes; water vapor 
is dominated by a south-north gradient and by dehydration in 
southern winter high latitudes. During southern hemisphere 
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Figure 7. Time-latitude plot of zonal mean water vapor (parts per million by volume) at 86 hPa for run B. 
Contour interval is 0.5 ppmv. 
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Figure 8. Time-latitude plot of 25 hPa zonal means, in parts per million by volume: (a) detrended water 
vapor, run B, with contour interval 0.5 ppmv below 5 ppmv, 0.1 ppmv above; (b) methane, run B, contour 
interval 0.1 ppmv; (c) detrended water vapor, run A, contour interval 0.25 ppmv. 

late winter a water vapor maximum appears at about 50øS due 
to subsidence outside the vortex, as is suggested by the con- 
comitant decrease in methane (not shown, but see Figure 8b). 
Polar dehydration is considerably greater; minimum mixing 
ratios are less than 0.5 ppmv, compared to more than 2 ppmv 
in run B. For run A the water vapor annual cycle is similar be- 
tween 24 hPa and 10 hPa, with a south-north gradient, but 
above that, water vapor is dominated entirely by the trend and 
the two hemispheres are nearly symmetric. 

In midlatitudes, observations [McCormick et al., 1993] 
show a minimum mixing ratio appearing in February or March 
in each hemisphere at about 16 km. The simultaneity of the 
minimum in both hemispheres indicates tropical control, 

since minimum tropical mixing ratios occur 1-2 months ear- 
lier. Above and below the minimum, isopleths rise and fall 
seasonally, being lowest in winter and highest in summer. 
The seasonal cycle of midlatitude water vapor in the CCM2 
shows rising and falling isopleths as observed (Figure 9). The 
northern hemisphere annual cycle in profile minimum water 
vapor is too high (19 km versus 16 km) and too weak (roughly 
0.3 ppmv versus 1 ppmv) for run B compared to observations. 
In the southern hemisphere, the midlatitude profile minimum 
occurs quite high (23 km) and may be due to polar, not tropi- 
cal, dehydration. In run A, a March minimum occurs only in 
southern midlatitudes; in northern midlatitudes, no annual 
minimum appears, and the monotonic increase with time is the 
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Figure 9. Time-height plot of average water vapor mixing ratio at (a) 30øN to 40øN, and (b) 30øS to 40øS, 
for run B. 

dominant feature throughout the stratosphere. Tropical mini- 
mum mixing ratios are too high in run A to produce seasonal 
variations in midlatitudes, and even in run B, the annual min- 

imum in the tropics has much less influence on midlatitudes 
than in the observations. 

Tropical dry air does, however, have an influence in the ver- 
tical in the CCM2. Figure 10 shows that the annual minimum 
and maximum in tropical tropopause water vapor clearly prop- 
agate upward at a rate of about 2 km/month to about 30 km, 
where the signal is lost. Recent studies [Mote et al., 1995] us- 
ing water vapor observations from the MLS and HALOE in- 
struments aboard UARS show the same sort of feature. 

5. Dehydration in the Southern Polar Vortex 

The obvious explanation for the dry swath in the southern 
hemisphere in Figure 4 is that the cold bias of the CCM2 at 
high latitudes causes excessive dehydration in southern hemi- 
sphere winter, and this dry air spreads equatorward. In this sec- 
tion it is shown that this is the correct explanation and also 
that air dried in the polar vortex can affect midlatitudes in a 
simulation that more closely resembles the observed atmo- 
sphere (run B). 

In the CCM2, condensed water immediately falls as precipi- 
tation. The stable condensation term of the water vapor con- 
tinuity equation may be used as a surrogate for polar strato- 
spheric clouds (PSCs). When this term is nonzero in the polar 
stratosphere, it can be assumed that PSCs should be present. A 

major difference between condensation in the model and in the 
atmosphere is that cloud ice cannot re-evaporate in the model, 
so that PSCs produce exaggerated drying. 

Comparison of Extent and Duration of Polar 
Stratospheric Clouds: Modelled and Observed 

The SAM II instrument observed PSCs between June 24 and 

September 29 in 1979 [McCormick et al., 1982] and between 
June 6 and October 24 in 1987, though they were probably 
present in late May [Watterson and Tuck, 1989, hereinafter 
WT]. In the CCM2, condensation also occurs from early June 
to late October; there is some variation from year to year and 
between runs. Figure 11 shows condensation at 70 hPa during 
the control simulation; condensation is present at this level 
from approximately June 10 to October 3 and weakens with 
time. The duration of condensation decreases with height, 

beginning somewhat later and ending much earlier. Variabil- 
ity on short time scales is large in Figure 11 and dehydration 
events are associated with rapid (2-4 days) bursts of eddy ki- 
netic energy, indicating that synoptic-scale waves play an 
important role in dehydration as suggested by Tuck [1989]. 

The vertical extent of PSCs is much greater in the model 
than in observations due to the increasing cold bias with 
height. Whereas McCormick et al. [1982] and WT reported 
most clouds occurring below about 24 km in SAM II data, in 
the CCM2 condensation occurs as high as 4 hPa (38 km) in the 
control run and run A. In run B it only extends to about 20 hPa 
(27 km). Figure 12 shows the seasonal cycle of water vapor 
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Figure 10. Time-height plot of average water vapor mixing ratio between 20øS and 20øN, run B. 

over Antarctica with the annual minimum in August and maxi- 
mum in May. Wintertime descent occurs from March to Octo- 
ber, though its signal is clearer in methane (not shown). 

The longitudinal distribution of PSCs is well simulated in 
the CCM2; Figure 13 shows a peak at about 120øW with most 
cloud occurring between 30øW and 180 ø. Initial dehydration 
occurs between 120øW and 180 ø, at latitudes not observed by 
SAM II, and later in the period condensation is confined to 
30ø-90øW. In mid to late winter, WT also found most cloud oc- 
curring in the western hemisphere with a peak over the Antarc- 
tic peninsula. Maximum condensation does not coincide with 
minimum temperature because condensation requires both low 

temperatures and adequate water vapor. As is shown by WT and 
by Figure 11, the early depletion of water vapor in the center 
of the vortex inhibits further condensation there, while con- 

densation continues at the edge of the vortex where water va- 
por is more readily available. 

Influence of Polar Dehydration on Midlatitudes 

The idea that dehydration in the southern polar region 
might be of significance to the stratospheric water vapor bud- 
get was first put forth by Stanford [1973]. Ellsaesser [1974] 
attempted to calculate the water vapor budget for the strato- 
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Figure 11. Evolution of zonal mean condensation at 70 hPa for the 180-day control simulation. Day 0 is 
June 1. 
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Figure 12. Time-height plot of average water vapor mixing ratio south of 70øS, run B. 

sphere by assuming influx and outflux mixing ratios of 4 and 
2.6 ppmm (5.5 and 4.2 ppmv), respectively, from Masten- 
brook's [1968] balloon soundings. To remove the excess, he 
postulated a massive sink of water in the winter polar strato- 
sphere. Harries [1976] criticized Ellsaesser for taking Mas- 
tenbrook's observations as representative of the entire 
tropopause and for ignoring the uncertainties; Ellsaesser 
[1977, 1983] defended his assumptions without rebutting Har- 
ries' criticism and clung to the notion of a massive polar sink 
of water. 

Global observations, however, have not settled the ques- 
tion. LIMS did not observe the atmosphere during the period 
of active dehydration in the southern hemisphere lower strato- 
sphere. SAGE II data faintly suggested that dehydration over 
Antarctica had some influence on midlatitude water vapor, as 
October zonal mean mixing ratios were slightly lower than 
April values below 18 km [Rind et al., 1993]. The published 
SAGE data, however, do not extend poleward of 60øS. Kelly et 
al. [1989] showed that dehydration to 1.5 ppmv was occurring 
in conjunction with PSCs, and though air just outside the polar 
vortex had much higher water mixing ratios (3-4.5 ppmv), 

!111UlaUt[ides. •_ tt_. they argued that dehydration was role. tung .......... •e:tty 
et al. [1990] found that air just outside the southern hemi- 
sphere polar vortex was considerably drier than air outside the 
northern hemisphere polar vortex. Figure 14 shows global 
lower stratospheric water vapor data collected by the ER-2 re- 
search aircraft; the striking south-to-north gradient could cer- 
tainly be due to a strong sink in the southern hemisphere polar 
vortex. Equatorward of 40 ø, there is no significant difference 
between the two hemispheres, indicating a limited impact of 
polar dehydration. 

Observations of the zonal mean water vapor distribution by 
the HALOE instrument aboard UARS in southern spring 1992, 
however, showed evidence of possible influence of polar de- 
hydration on midlatitude mixing ratios [Tuck et al., 1993, 
Mote et al., 1993]. M. Schoeberl (personal communication, 
1993), however, doubts that this is true earlier in the year, 
since the polar vortex has only a fraction of the mass of a 
hemisphere. Modifying the mixing ratios in midlatitudes by 
1-2 ppmv would require either a large mass flux through the 
polar vortex oi con,moraine wa•c mixing, either ..c Ul vv 111uh 

would warm the vortex much more than observed. In the 

CCM2, however, polar dehydration certainly appears to influ- 
ence midlatitudes (see Figure 4) even though the polar strato- 
sphere is quite cold. If the model accurately represents the at- 
mosphere, determining whether the model's polar dehydration 
affects midlatitudes would substantiate polar influence on ob- 
served midlatitude mixing ratios. 

The question about the model's polar dehydration affecting 
midlatitudes can be addressed with two short simulations. 

Both were initialized on June ! of the fourth year of run A 
(Figure 2), and the only difference between the two was that in 
...... ,4 .... tl ......... t normlttorl in the stratosphere. 

Without dehydration, water vapor in the polar region (Figure 
15) increases by about 1 ppmv during the 180-day run due to 
subsidence from the moist upper stratosphere. With dehydra- 
tion, half the water in the column disappears within 2 months, 
when the difference between the two cases is greatest, and after 
that, water vapor slowly recovers. 

The depletion of water in the polar vortex clearly impacts 
midlatitudes. The seasonal increase in water evident in the no- 
dehydration case, which may be due to increases in tropical 
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water vapor, is almost exactly balanced by polar dehydration 
in the control case, so that the mean mixing ratio remains 
constant at around 3.6 ppmv while the difference between the 
cases grows with time. The mass of air in the region 30ø-60øS 
is about three times that in 60ø-90øS. 

In the tropics (not shown), the difference between the two 
cases is less pronounced than in midlatitudes, at most 0.25 
ppmv, and is not apparent until the middle of the run. The cir- 
culation in the two cases is somewhat different, so it is not 

certain that the small difference in tropical water vapor is due 
to direct influence of dry air from the poles. 

To understand the roles of various processes in producing 
the features noted above, it is instructive to consider the water 

vapor budget in the stratosphere. The transformed-Eulerian 
mean (TEM) tracer transport equation is [Andrews et al., 1987, 
p. 357] 

__7, V.M+2 (9) 

The first and second terms on the fight-hand side represent ad- 
vection by residual mean motions (the Brewer-Dobson circula- 

tion), the third term represents flux convergence by wave mo- 
tions analogous to the Eliassen-Palm flux in the TEM momen- 
tum equation, and the last term represents sources and sinks. 
Figure 16 shows calculations of the terms in the spherical co- 
ordinate version of equation (9) on model pressure levels using 
daily averaged output from run B from June to August. To first 
order, the balance is between the condensation sink (Figure 
16a) and wave fluxes (Figure 16b), both of which are largest 
on any pressure level at about 75øS. Vertical transport (Figure 
16c) supplies some moist air to the upper edge of the dehydra- 
tion region but is insignificant elsewhere, and meridional 
transport (Figure 16d) is insignificant in this region. The ac- 
tual tendency (Figure 16e) is negative below about 32 km not 
just within the vortex but outside it as well. Most of the water 
that has condensed out as polar temperatures drop has been 
supplied by wave motions, drying the region equatorward of 
70øS (Figure 16c). 

Zonal means are of course a crude way to regard the vortex, 
as its bounding latitude changes with both longitude and time. 
But the two largest terms are quite small equatorward of 65øS, 
suggesting that the water vapor supplied by flux convergence 
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Figure 14. Latitude-binned water vapor data from ER-2 flights between 1987 and 1992, 400-450 K po- 
tential temperature. Bars show +/- 2c• of 5-min. averages. Data provided by K. Kelly, NOAA. 

mostly came from within the vortex. Mixing ratio changes in 
midlatitudes are small, consistent with Figure 15. 

Calculating tracer budgets. The predicted tendency, 
the balance of terms on the right hand side of (9) (Figures 16a 
to 16d), is shown in Figure 16f. Although the actual and pre- 
dicted tendencies show general qualitative agreement and are 
within 0.01 ppmv day '1 below 27 km and south of 65øS, the 
difference between them, or residual, is significant in two re- 
gions. The relative error is greatest at 50 ø- 60øS where the 
predicted tendency is positive and the actual tendency is nega- 
tive; the residual exceeds 0.01 ppmv day '1. The residual itself 
is largest between 27 and 31 km south of 70øS but integrates 
to nearly zero over that region because the error of +0.02 
ppmv day '• at 31 km nearly balances a -0.02 ppmv day -1 error 
at 29 km. It would be useful to know why the residual is 
nonzero and why the errors at 29 and 31 km nearly cancel. 

Equation (9) does not, of bourse, resemble the form of the 
continuity equation solved by the model, but the mathematical 
transformation from one to the other does not recognize the 
numerical factors which produce a residual. For example, er- 
rors in evaluating the wave flux term may arise from aliasing 
when calculating products like v'z' and from finite differencing 

ß -"• .... *' '- derivatives. c•,h..,. errors •,',• attrlh,• :'• • .... l.an• vertical - 
table to sampling; model output consists of daily averages, 
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Figure 15. Time series of pressure-weighted mean mixing 
ratio (parts per million by volume) above 70 hPa for the con- 
trol (solid lines) and no-dehydration (dotted lines) simula- 
tions, for the indicated area. 

masking higher-frequency fluctuations. Vertical derivatives in 
equation (9) are calculated with simple centered differences, 
which could lead to errors in regions of strong vertical gradi- 
ent such as those at 30 km for water vapor. The transport code 
uses a more sophisticated approach to vertical transport. 

Efforts to produce balanced tracer budgets are not new. 
Mahlman and Moxim [1976] discussed residuals which arise in 
evaluating tracer budgets on pressure surfaces when the model 
is cast in sigma coordinates' they showed that most of the er- 
ror arose from the calculation of the vertical velocity and 
showed ways to improve this calculation. Using a similar 
technique and the same equation (9), Randel et al. [1994] calcu- 
lated the budget of nitrous oxide in the CCM2 and found 
smaller but nonzero errors. Nitrous oxide does not experience 
the strong longitudinal and vertical variability of water vapor 
in the polar vortex, which partly explains why their balance 
was better than the one presented here. The residual could be 
reduced by spectrally truncating fields before calculating prod- 
ucts, by rerunning the model and (1) writing output more often 
to reduce sampling errors, and (2) by writing out many more 
terms including a more precise form of the vertical velocity (P. 
Rasch, personal communication, 1993). These calculations 
sb. ow the difficulty of calculating budgets even ,:;hen model 
fields are exactly known, as is true in a GCM. 

Timescale of midlatitude dehydration. If wave mo- 
tions supply water vapor for dehydration within the lower 
stratospheric polar vortex, then one might expect to see tran- 
sient drying associated with wave motions outside the vortex 
during the winter. But this is not the case; indeed, as is shown 
by Figure 16e, mixing ratios equatorward of 50øS actually in- 
crease during winter. How, then, is the dry lower stratosphere 
seen in Figure 4 to be explained? 

The answer is that dryness in midlatitudes is produced later, 
when the vortex breaks down, and persists all year (especially 
in mn A• Figure 1'7 c'1oarly chnwc rnixin• ratinc doeroacin• in 
midlatitudes beginning in November and reaching a minimum 
a few months later. It also suggests the propagation of dry air, 
as the minimum mixing ratio occurs later farther equatorward; 
the arrival of polar dry air in the 30ø-40øS range (Figure 9b) 
coincides fortuitously with the dry air arriving from the trop- 
ics, resulting in temporal but not vertical agreement with 
SAGE II data [McCormick et al., 1993]. The "ozone hole" 
simulations of Mahlman et al. [1994] show similar egress of 
low-ozone air in late spring. If dry, low-ozone air is traveling 
equatorward, it is not due to advection by the mean meridional 
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Figure 16. Terms in the water vapor tendency equation (eq. 9), for June-July-August of year 8, run B' (a) 
source+sink, (b) flux convergence, (c) vertical advection, (d) horizontal advection, (e) actual tendency, and 
(f) calculated tendency. Contour interval is 0.01 ppmv day -1, negative contours are dotted, and the 0.05 and 
0.1 ppmv day- 1 contours are dashed. 

circulation, which is poleward in the extratropical lower 
stratosphere, but to flux convergence. 

The dryness in midlatitudes is also a consequence of the 
long times required for the lower stratosphere to reach equilib- 
rium with the chemical source. For run B, the largest trend is 
in lower stratosphere, reaching a maximum of 0.28 ppmv 
year '1 in southern midlatitudes as it recovers from the exces- 

sive drying of run A. The initially dry stratosphere is moist- 
ened at first by influx at the tropical tropopause (since the 
mixing ratio there exceeds that of stratospheric air) and, more 
slowly, by the upper stratospheric methane conversion. In 
the northern hemisphere polar region, where dehydration does 
not occur, the lowest mixing ratios are also found in the lower 
stratosphere and increase slowly; in May, just before the re- 
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Figure 17. Evolution of monthly mean, zonal mean water vapor at 50 hPa for run B. 
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turn of dehydration to the southern polar region, run B has 
nearly identical mixing ratios in the northern and southern po- 
lar lower stratosphere near the end of the model run. 

6. Discussion and Conclusions 

General Results 

The CCM2 adequately simulates some features of the ob- 
served methane and water vapor distributions and annual cy- 
cles (Rasch et al. [1995] discuss other trace gases in the 
CCM2). In the zonal mean, the shapes of the tracer isopleths 
are generally the same as observed; they bow upward in the 
tropics and are flattened in midlatitudes, where waves mix con- 
stituents quasi-isentropically [Holton, 1986]. As is shown in 
Figure 6, the zonal mean water vapor can be well reproduced in 
the CCM2, although values are mostly higher than observed. 

The results presented here confirm that the photochemical 
source of water vapor has an important influence on the water 
vapor distribution even in the lower stratosphere; exchange 
with the troposphere is not the only process determining 
lower stratospheric water vapor. The importance of photo- 
chemistry is evident in Figure 3a, which shows a nearly linear 
increase in lower stratospheric mixing ratios with time, re- 
gardless of resolution. The mean mixing ratio at the tropical 
tropopause varied considerably during the 9 years of integra- 
tion as the vertical resolution was changed; if influx from the 
troposphere were the only influence on lower stratospheric 
water vapor, average mixing ratios would decline when the 
model tropopause moved up and cooled in model year 5. An- 
other implication of Figure 3a is that the lower stratosphere 
would respond very slowly to changes in the photochemical 
source. Adjustment in equilibrium water vapor should lag 
changes in methane by about a decade. 

Modeling Water Vapor 

The extreme sensitivity of water vapor saturation to tem- 
perature (Figure 1) makes it obvious that it is a very difficult 
tracer to model well. Two significant model deficiencies affect 
stratospheric water vapor: the representation of stratosphere- 
troposphere exchange processes and the impact of the polar 
temperature bias on southern hemisphere water vapor mixing 
ratios. In both cases, the temperature errors of the model are 
magnified in the water vapor field. Simulating physically cor- 
rect tropical tropopause temperatures and vertical mass flux is 
a challenging and unsolved model problem. 

Characteristics of stratosphere-troposphere exchange in the 
CCM2 were discussed by Mote et al. [1994], who found that 
the tropical tropopause seemed rather porous and permitted 
slightly too much water to enter the stratosphere. This is also 
the case even in simulations where the zonal mean water vapor 
resembles the observed (Figure 6); comparisons of simulated 
and observed area-averaged water vapor profiles (not shown) 
indic.•to that hy the end of p,,• R, water v•.pc•r ie nnifc•rmly 
about 0.5-1.0 ppmv too large. The quantity [H20]-2*(1.5- 
[CH4]), which Jones et al. [1986] define as "residual water" us- 
ing 1.6 instead of 1.5 ppmv, provides an estimate of the mean 
water vapor mixing ratio of air entering the stratosphere. 
Residual water in the upper stratosphere at the end of run B is 
approximately 4 ppmv, compared with Jones et al's 2.7 ppmv. 

Dehydration in the model's southern polar vortex tends to 
be much too intense due to the model's cold pole bias, a prob- 
lem which has plagued general circulation models of the 
stratosphere from the beginning [Smagorinsky et al., 1965]. 

As a result, southern hemisphere lower stratospheric mixing 
ratios can be considerably lower than observed mixing ratios 
all year. Steps taken to diminish the intensity of dehydration 
result in a marked improvement in southern midlatitude mix- 
ing ratios, which are low in southern spring but recover during 
the summer. Since GCMs generally have a cold pole bias, it 
seems likely that excessive dehydration would be a problem 
for others attempting to simulate stratospheric water vapor. 

Water Vapor in the Midlatitude Lower Stratosphere 

Observations [McCormick et al., 1993; Mastenbrook and 
Oltmans, 1983] indicate that the seasonal cycle in midlatitude 
lower stratospheric water vapor is driven by the seasonal cycle 
at the tropical tropopause, as the minimum values appear in 
midlatitudes about a month or two after the tropical minimum. 
This is also the case in the model, but the annual subtropical 
maximum has greater influence on midlatitudes than the win- 
tertime minimum (Figures 7 and 9), and the poleward flux of 
dry air is only weakly present. Dehydration at the tropical 
tropopause does, however, have a clear influence on the annual 
cycle in the tropics, where the signal propagates upward rather 
than poleward (Figure 10). 

In the southern hemisphere, the midlatitude profile mini- 
mum is due to polar, not tropical, dehydration (Figures 9 and 
17). But the minimum there occurs quite high (23 km); below 
that, the water vapor annual cycle is consistent with tropical 
influence. During southern winter, drying in the polar vortex 
has very limited influence on midlatitude mixing ratios 
(Figures 15, 16, and 17), but after the demise of the vortex the 
air dried by condensation in the vortex reduces mixing ratios 
in midlatitudes by less than 0.5 ppmv (Figure 17). The annual 
mean lower stratospheric water vapor in the CCM2 (not 
shown) has less interhemispheric variation than the ER-2 
measurements (Figure 14), but that may be because the ER-2 
measurements are not uniformly distributed throughout the 
year. The behavior of water vapor •n southern midlatitudes has 
implications for the lively debate about the nature of the polar 
vortex. 

The Southern Hemisphere Polar Vortex 

Two contrasting views of the polar vortex have emerged, as 
summarized by Randel [1993]. The first view requires rela- 
tively large vertical velocities within the vortex which subject 
a large amount of air to chemical processing, the so-called 
"flowing processor" of Tuck [1989]. In the second view, the 
polar vortex is relatively isolated during the winter by large 
lateral potential vorticity gradients, and has only small verti- 
cal velocities, the so-called "containment vessel" of Mcintyre 
[ 1989] and Schoeberl et al. [ 1992]. 

The wintertime (June-August) transformed-Eulerian mean 
vertical velocity within the polar vortex in the CCM2 varies 
strongly with height from 25 m day -1 below 20 km to 600 m 

descent rates in the lower polar vortex, so the flowing pro- 
cessor model does not describe the CCM2's polar vortex. The 
flux of dry air to midlatitudes is small in the CCM2 during 
June-August (Figures 16b, 16e, and 17) indicating that vortex 
air is reasonably well-contained until spring at least above 20 
km. 

Such a view of the polar vortex is consistent with other 
three-dimensional modeling studies. Cariolle et al. [1990, p. 
1883] state that "[Above the 470K potential temperature 
level] the vision of the vortex acting as a containment vessel 
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holds, but below that level the vessel is apparently leaking!" 
Another simulation of the polar vortex using U.K. Meteoro- 
logical Office winds and ideal tracers [Chen et al., 1994] also 
indicates that the lower part of the vortex (below about 400 K) 
is easily and frequently disturbed by wave activity, while in 
the middle and upper stratosphere, the vortex is considerably 
more isolated. 

Air dried by fallout of ice crystals from PSCs would also 
have low ozone amounts due to PSC processing, and any leak- 
age of the "containment vessel" would be identifiable as low 
water vapor, low ozone air. The simulation by Cariolle et al. 
[1990] of ozone decrease due to heterogeneous chemistry 
within the polar vortex showed springtime midlatitude ozone 
decrease between 390 K and 470 K. They also showed a tongue 
of dry air extending to about 30øS between 440 and 480 K. It 
should be noted that their temperature bias is at least as severe 
as that of CCM2, yet they show no dehydration above 40 hPa; 
they must have artificially limited the magnitude of dehydra- 
tion, but did not discuss how. Mahlman et al. [1994] showed 
similar results in a multiyear simulation; air depleted in ozone 
entered midlatitudes after the breakup of the polar vortex in 
about December. 
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