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Abstract. Domain filling, forward trajectory calculationsare 1 Introduction

used to examine the global dehydration processes that control

stratospheric water vapor. As with most Lagrangian modelsThe precise mechanism that controls stratospheric water va-
of this type, water vapor is instantaneously removed frompor has been studied for more than 60 yr — since the publi-
the parcel to keep the relative humidity (RH) with respect to cation of Brewer's seminal paper (Brewer, 1949). Over that
ice from exceeding saturation or a specified super-saturatiotime, significant progress has been made and many of the
value. We also test a simple parameterization of stratospheridetails of how air is dehydrated as it enters the stratosphere
convective moistening through ice lofting and the effect of are now understood. For example, we know that most strato-
gravity waves as a mechanism that can augment dehydrapheric dehydration takes place in a region called the trop-
tion. Comparing diabatic and kinematic trajectories drivenical tropopause layer (TTL) (Sherwood and Dessler, 2000;
by the MERRA reanalysis, we find that, unlike the results Fueglistaler et al., 2009), a region in the tropics between the
from Liu et al. (2010), the additional transport due to the 355 and 400 K potential temperature surfaces, corresponding
vertical velocity “noise” in the kinematic calculation creates to altitudes between about 15 and 18 km.

too dry a stratosphere and a too diffuse a water-vapor tape Lagrangian back-trajectory calculations are one of the
recorder signal compared observations. We also show thaportant tools used to understand this issue. These cal-
the kinematically driven parcels are more likely to encounterculations use analyzed winds and large-scale temperatures
the coldest tropopause temperatures than the diabatic trajeend are able to accurately reproduce many of the details of
tories. The diabatic simulations produce stratospheric waTTL dehydration process and lower stratospheric water va-
ter vapor mixing ratios close to that observed by Aura’s Mi- por (e.g., Fueglistaler et al., 2005; Jensen and Pfister, 2004;
crowave Limb Sounder and are consistent with the MERRAGettelman et al., 2002). These simple calculations demon-
tropical tropopause temperature biases. Convective moisterstrate that the zeroth-order physics governing the water vapor
ing, which will increase stratospheric HDO, also increasesabundance in the TTL appears to be temperature variations
stratospheric water vapor while the addition of parameter-along the advective path air parcels take as they move into
ized gravity waves does the opposite. We find that while thethe lower stratosphere (e.g., Mote et al., 1996; Fueglistaler et
Tropical West Pacific is the dominant dehydration location, al., 2009; Liu et al., 2010).

but dehydration over Tropical South America is also impor-  The typical set-up for back trajectory calculations begins
tant. Antarctica makes a small contribution to the overall W|th a gnd Of parce's in the |ower Stratosphere that are Subse_
stratospheric water vapor budget as well by releasing veryyyently advected backwards for a few months. Those parcels
dry air into the Southern Hemisphere stratosphere followingihat reach the upper troposphere are then analyzed with re-
the break up of the winter vortex. gard to origin and temperature history and the location of the
Lagrangian Dry Point (LDP) (e.qg. Liu et al., 2010), the point
where the final stratospheric water vapor mixing ratio is es-
tablished. (In this paper we refer to the LDP as the final de-
hydration point.) As is clear from age-of-air measurements,
a significant number of parcels in the lower tropical strato-
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some parcels have their final dehydration point within thepor content of the stratosphere. In the next section we de-
Antarctic vortex where the mean age of air is 4-5yr. In prin- scribe the model including the parameterizations for grav-
ciple, very long back trajectory calculations could provide ity waves, dehydration, convective moistening and methane
all the information on dehydration processes needed to unphotolysis. In Sect. 3 we describe our results. Summary and
derstand stratospheric observations, but long back trajectorgonclusions are presented in Sect. 4.
runs would have to be initialized for each day of the year, for
example, to provide a complete picture stratospheric dehy-
dration. 2 Model
An alternative to the back trajectory approach is to use do- :
I . : S 2.1 Dynamics
main filling forward trajectories. By domain filling we mean

continuously releasing parcels near the tropopause so tha{) of our experiments use the Modern Era Retrospective-
hundreds of thousands of parcels eventually fill the StratO'Analysis for Research and Applications (MERRA)

sphere and provide a statistically robust population for a”a"(BosiIovich et al., 2008; Rienecker et al., 2011) for
ysis. This approach proyidesagontinuous piFthe of the time&yinds and temperatures. The MERRA assimilated data
gvolutl_on of stratosphe_rlc_: constituents allo_vvmg us to iNVeS-get runs from 1979 to the present and uses the GEOS-5
tigate issues that are difficult 'Fo addre_ss with that traditionalygsimilation system. MERRA spatial resolution is 1/3 deg.
back-trajectory approach or with Eulerian chem|cal—transport|ongitude by 0.5 deg. latitude, although the wind, omega,

models. _ , and heating rate data (the sum of radiative and latent heat)

Previous trajectory calculations have often neglected at, o 5re using has been averaged down to°ll851.25 . The
least three important processes relevant to the control ofyeRRA model has 72 pressure levels extending from the
stratospheric water vapor. First, dehydration is usually Sl itace t0 0.1 hPa, but these fields are reported on 42 levels.
to occur at 100% RH, meaning that super-saturation is N0, the TTL and lower stratosphere, the winds are available at
included in the analyses. Observations, however, showsg 100 70. and 50 hPa.

ice super-saturation is commonly observed in the tropicS pggcayse of the importance of temperature in our analyses,
(Jensen et al., 2005). Second, temperature fluctuations N@t. se the MERRA's full resolution (both in the horizon-

resolved by the reanalysis (e.g. from gravity waves) are Not,| anq vertical) temperature field. This vertical resolution

included except, unintentionally_, through noise in the ana_ly-iS about~1 km in the TTL and lower stratosphere. Between

sis. As shown by Jensen and Pfister (2004), these fluctuationgerRr levels we linearly interpolate temperatures from the

are important for accurately reproducing TTL temperatures,yerrA pressures to parcel locations. For the diabatic cal-
And, third, ice lofting by convection is neglected. ObSer- o ations, where the vertical coordinate is potential tempera-
vations show that convection does indeed reach up 0 ang;re e interpolate MERRA temperatures to a potential tem-
beyond the tropopause (Alcala and Dessler, 2002; Zipser &beratyre grid. This grid has 64 unequally spaced levels from
al., 2006; Dessler et al., 2006), and convection brings up ice335_1800 K. There are 40 levels between 360 and 440K to

laden air from the boundary layer that can evaporate moistyinimize any interpolation bias in the UTLS. Finally, all data

ening the lower stratosphere. Previous analyses have demofjsed here are daily average fields rather than the 6-hourly

strated that convective ice lofting can explain the observeddata; this is done to make the meteorological data set a more
enriched abundance of HDO in the TTL and lower Strato'manageable size.

sphere (Moyer etal., 1996; Keith, 2000; Dessler etal., 2007). \water vapor is controlled mostly by ice saturation at the

Another issue is the mode of transport. In trajectory mOd'tropicaI tropopause. For example, at 100 hPa, a tempera-
els, the vertical transport can be either diabatic or kinematicy,, change from 194K to 190K will change the ice sat-

Danielson (1961) pioneered the use of diabatic vertical transy, .ation value from water vapor mixing ratio from 6.2 to

port to remove the adiabatic noise generated by the modek 5 ppmv. Thus any temperature bias can result in a sig-

Schoeberl et al. (2003) noted the impact on the transport andifi-ant stratospheric water vapor bias. MERRA January
age-of-air between diabatic and kinematic trajectory Calcma“tropical tropopause temperatures are on the average 1.2—
tions. More recently Ploeger et al. (2010) performed a series, k \warmer than ERA Interim temperatures (S. Pawson, pri-
of tropical back trajectory experiments noting that the kine-, .o communication, 2011). We have found that MERRA is
matic and diabatic trajectories produce significantly different ;, e average abott0.3K colder than 100 hPa Singapore
residence times in the TTL. Liu et al. (2010) performed an ¢ynde measurements between 1980—2009. The MERRA val-

extensive study of stratospheric dehydration using domaination tropical sonde data set (S. Pawson) shows about the
filling back trajectory calculations comparing both diabatic g5 me cold bias for the 20052009 January periods. Given

and kinematic trajectory schemes and found that the choicgege gpservational biases, we expect that our simulations

of trajectory transport scheme had significant impact on th&y;| he somewhat dry compared to observations for ice satu-
water vapor field as will be discussed further below. ration levels set to 100 %.

The main work discussed here is a domain filling forward
trajectory analysis directed toward simulating the water va-
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We use the Bowman trajectory code (Bowman, 1993;2.2 Water vapor and dehydration
Bowman and Carrie, 2002) that can run in either diabatic
or kinematic mode. This code is significantly faster than theAll injecton grid parcels are initiated with 200 ppmv water
Goddard Trajectory Model (Schoeberl and Sparling, 1995)vapor, the approximate value of water vapor at 250 hPa in
allowing the longer trajectories required by this approach.the tropics. The Marti and Mausberger (1993) (M&M) re-
Temperatures are linearly time-space interpolated onto paration is used to calculate the saturation vapor pressure with
cel positions. Parcel positions are output every 45 min alongespect to ice. A recent review by Murphy and Koop (2005)
the trajectory and temperatures are interpolated to the parsuggest that M&M results are about 2 % too high at tropical
cel position at each step. Running wittb00 000 parcels, tropopause pressures and temperatures — too small a differ-
the Bowman code can perform a 25-yr forward calculationence to be important for this study. When the RH exceeds
in 4-5 days on a quad-core Unix workstation. This speeda pre-determined threshold, enough water is removed from
allows us to perform multiple experiments on the sensitivity the parcel to reduce the RH to 100 %. In most previous La-
of stratospheric water vapor to transport scheme, the level ofrangian studies, the removal threshold has been set at ex-
super-saturation, as well as the impact of gravity waves andctly 100% RH; however, frequent observations of super-
convective moistening. saturation in the TTL (Jensen et al., 2005) suggest that the

We have performed both kinematic and diabatic trajec-actual threshold might be higher and allowing the threshold
tory calculations similar to Schoeberl et al. (2003), Plogerto exceed 100 % RH. Varying the saturation RH allows us to
et al. (2010) and Liu et al. (2010). As mentioned above,test the importance of super-saturation. We do not consider
kinematic means that the vertical coordinate is pressure ante-evaporation of the condensate in the studies shown here
the parcels are moved using the MERRA's pressure tendencglthough Liu et al. (2010) argue that the low bias in water
(omega) field whereas diabatic means that the model operategipor seen in their back trajectory studies could be due to
in isentropic coordinates and uses the net diabatic heating toeglect of the re-evaporating condensate.
move parcels across PT surfaces.

The model integration begins with the insertion of a 2.3 Convective moistening
parcels arranged on a longitude-latitude grid (typically
5°x2°) at 250 hPa £10km) for the kinematic runs or at As mentioned above, the observed abundance of strato-
360K for the diabatic runs. The parcel grid extends from spheric HDO (Moyer et al, 1996; Keith et al., 2000; John-
+60° latitude and covers all longitudes. The insertion poten-son et al., 2001; Hanisco, et al., 2007, Steinwagner et al.,
tial temperature is chosen such that it is, on average, abové010) exceeds the amount predicted by Rayleigh fractiona-
the level of zero net radiative heating — roughly the base oftion, a theoretical limit derived by assuming that HDO-rich
the TTL (Gettelman and Forster, 2002; Fueglistaler et al.,condensate formation and removal occurs at 100 % RH. One
2009). A new parcel grid is added to the model's parcel€xplanation for the larger than expected stratospheric HDO
field each day approximating a continuous injection. Bothabundance is the direct injection and evaporation of HDO-
the kinematic and diabatic models remove parcels at the entich ice into the stratosphere through convective lofting. As
of each day if the parcel pressure is 250 hPa or higher. Théhown by Dessler et al. (2007) a small amount of the con-
assumption in this removal scheme is that these parcels hawective lofting of HDO-rich ice can significantly increase the
re-entered the troposphere. We tested this assumption by ifdDO concentration in the stratosphere. While we do not in-
creasing removal pressure to 300 hPa to see how it affecteglude HDO in our model, we do assess the effect of convec-
our statistics and found that although more parcels accumutive moistening on the stratospheric water vapor budget.
lated in the lower portion of the domain, the statistics and To simulate the convective moistening process, we use the
water vapor field for the stratosphere was only very slightly scheme developed by Dessler et al. (2007). To determine
affected. The very few parcels ascending above 1800K inwhen and where trajectories are influenced by convection,
the diabatic model or reaching pressures below 0.2 hPa in thee first derive a spatial probability of convective influence as
kinematic model are also removed. The spatial density ofa function of pressure and the flux of outgoing longwave ra-
the parcel injection grid controls the total number of parcelsdiation (OLR) (Liebmann and Smith, 1996). We then use
in the stratosphere. With the spatial density described aboveneasurements of height-resolved ice-water content (IWC)
the model reaches steady-state of abe&00000 parcels. from the Aura Microwave Limb Sounder (MLS) (Livesey et
This number ensures that we will have enough parcels in thel., 2005) to determine vertical distribution of the probability.
stratosphere for a statistically robust quantitative analysis. Unlike Dessler et al. (2007), our probability table is a func-

In each case reported here, the model is started 1 Januation of latitude and month, and is built from data obtained
2000 and integrated to the end of 2009. For the first two tofrom OLR and IWC covering 2004-2010.
three years, the number of parcels in the stratosphere grows. At specific intervals along each trajectory, we use the prob-
After that, the total number stabilizes. Thus we can safelyability table and the parcel’'s pressure and collocated OLR
compare the model results starting in 2005 with Aura MLS to determine a probability for convective influence. A ran-
water vapor data. dom number generator is then used to determine whether the
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trajectory is actually influenced by convection at that time. methane in each parcel and photolyze it using photochem-

For pressure<68 hPa, the probability is zero; for pressure ical loss rates supplied from the Goddard two-dimensional

>146 hPa, we use the 146-hPa probability. model (Fleming, et al., 2007). Loss of each molecule of
When convection impacts a parcel, we set the parcel’smethane produces two molecules o (Dessler et al.,

RH to 100 %. This means that sub-saturated parcels are hyt994). The oxidation of biformed from methane photolysis

drated and super-saturated parcels are dehydrated by conves-implicitly included in this scheme. Methane concentration

tion (Jensen et al., 2007). There are two adjustable paramis set at 1.8 ppmv for all injected parcels.

eters in this model, the frequency at which we test for con-

vection and the maximum detrainment level. Increasing the

testing frequency increases the probability that a parcel will3 Results

be impacted by convection. For the experiments shown here

we test for convection once a day. Parcels that are abové@able 1 gives an overview of the numerical experiments

the maximum detrainment level are never moistened so inperformed. All of the results are for the last few days of

creasing the height of the maximum detrainment level will our 10-yr integrations unless indicated otherwise. In these

moisten parcels that may have already been dehydrated atins, we vary the amount of super-saturation, the presence

colder temperatures and thus will increase the water vapoof convective moistening (CM), gravity waves (GW) and

in the stratosphere. The convective moistening parameterithe transport schemeX( for kinematic orD for diabatic).

zation is only implemented for the diabatic calculation. The We compare our results to the global average Microwave

detrainment level is set to 375 K. Limb Sounder (MLS) water vapor from 18-28km for the
_ same day (Lambert et al., 2007; Read et al., 2007). We
2.4 Gravity waves use MLS version 3.3 data, which is an improvement over

the validated Version 2 data (sk#p://mls.jpl.nasa.gov/data/

Gravity waves can produce adiabatic temperature excur5i0n§3-3,dataquality,document.pdfThe MLS limb water vapor
that are unresolved by the MERRA anaysis, and these temmeasurements have 2—3 km vertical resolution. We note that

perature excursions can produce condensation and additiongle reported accuracy of MLS water vapor at lower strato-
dehydration. Jensen and Pfister (2004) modeled the eﬁe%pheric levels is 5-7 % or about 0.3 ppmv.
of gravity waves and showed that they had the potential to As might be expected from the MERRA cold temper-

reduce stratospheric water vapor B.5ppmv or so. I 54,16 pias, the D100 water vapor concentration is below
the tropics, both high frequency inertial gravity waves andy,o \is observations. Super-saturation increases strato-

low frequency Kelvin and mixed Rossby gravity waves are gyneric water vapor by reducing the occurrence of dehydra-
present. Outside the tropics only the high frequency wavegjon events. Convective moistening also increases water va-
are common. I order to parameterize gravity wave effects, i the stratosphere by rehydrating parcels that have al-

we approximate the temperature amplitudes and frequencier%ady experienced their final dehydration. The gravity wave

from Table 1 of Jensen and Pfister (2004). We only US€,, ameterization reduces the water vapor through excursions
the inertial gravity wave fields since the Kelvin and Mixed

to lower temperatures. The best agreement with MLS is

Rossby-Gravity wave fields are present in the analysis. We,pjeyed, including reasonable simulation of the tropical tape
assume that the gravity wave temperature fluctuations (K) areoorder (see below), with 104 % super-saturation using dia-

given by: batic simulation, no gravity waves and no convective moist-
ening. However, if we believe that convective moistening is

Tg=M(08 sin (wn +¢n))| latitude < 15 required then we need to include gravity waves to correct for

Ty = M(0.5 Sin (wnt +¢n))| latitude > 15° the excessive moisture. Since the MLS observations are only
9 ' accurate to about 5-7 % we cannot be completely quantita-
where M is an arbitrary tuning factor{ = 1.0 approxi- tive on the level of convective moistening and gravity wave

mates the Jensen and Pfister (2004) simulation). We seiehydration required to reproduce the stratospheric water va-
wh=1.1x10"4s"1 to simulate high frequency waves. The Por fields. One important conclusion is that there are several
phaseg, is a uniformly distributed random number between Ways to match the observations, and one challenge for the
0 and 2. This scheme reduces stratospheric water vapor byuture is to find ways to constrain the system further.

~0.2 ppmv forM = 1.
3.1 Parcel distribution

2.5 Stratospheric water sources

Figure 1 shows the distribution of parcels at the end of the
Oxidation of hydrogen-containing species, primarily 10-yr diabatic integration (uniformly thinned out by a fac-
methane, is an important in situ source of water in thetor of 10) overlaid on the zonal mean temperature field. As
stratosphere (Wofsy et al.,, 1972; Le Texier et al., 1988).is usual with this kind of trajectory calculation, the parcel
To account for methane oxidation, we independently trackdensity decreases with altitude roughly in proportion to the
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Table 1. Summary of trajectory experiments.

Experiment Saturation $0*  Comment

K100 100 % 3.9 Too dry, tape recorder (TR) disperses
too fast with altitude

K120 120% 4.2 Slightly dry, TR disperses too fast
with altitude (Fig. 7)

D100 100 % 4.4 Agrees with MLS, TR is coherent but phase lags
observations (true for ald experiments)

D104 104 % 4.5 Agrees with MLS

D100GW 100 % + gravity waves 4.2 Slightly dry

D100CM 100 % + convective moistening 5.1 Too wet

D100+CM+GW 100 % + gravity waves + convective moistening 4.8 Slightly wet

D100+CM+1.5GW 100%—-1.5GW & CM 4.6 Agrees with MLS

* Global average between 18 and 28 km, MLS =033 ppmv (5-7 % accuracy) for the same region.

Zonol Mean Ternperature 20091230 3.2 Kinematic vs. diabatic trajectories
T T T

40

The diabatic and kinematic computations give quite different
water vapor results (Table 1). In theory, the model results
should be independent of the transport scheme used, but as
Danielson (1961) first noted, the aliasing of adiabatic grav-
ity waves and numerical errors in the dynamical model create
“noise” in the vertical velocity field and thus excessive parcel
dispersion in kinematic trajectory calculations. This artificial
dispersion significantly alters the age spectrum and transport
properties determined by trajectory calculations (Schoeberl
et al., 2003). The MERRA omega fields are time smoothed

35
30

25[F

km

20[F

5: 170 to reduce the model noise, but the noise is not entirely elim-
90 -80 -30 - 30 €0 % inated (see Fig. 7). The alternative to the kinematic models
Total number of parcels 540761 are the diabatic models that operate in potential temperature

_ - S ) (PT) coordinates using the net heating rate to move parcels
Fig. 1. Parcel distribution for diabatic experiment on 30 Decem- 5655 PT surfaces. Kinematic parcel models tend to be much

1 Tanuany 2000, Colors shaw e zonal mean temperatore b0 dispersive than diabatic models when compared to ob-
tion from MERRA. Red lines identify the zonal mean 360K and sefvations, as seen by Liu et al. (2010) and other authors.

tropopause levels. Parcels moving below about 10km are elimi- N our model, the spurious vertical motion provides extra
nated. opportunities for dehydration compared with the diabatic cal-
culation (in which parcels move vertically through net heat-
ing). With extra opportunities to encounter cold tempera-
atmospheric density. The parcels tend to cluster at lowekyres, the stratospheric humidity computed by the kinematic
altitudes where the heating rates and vertical velocities argnodel is low biased. In contrast, Liu et al. (2010) found that
smaller. We also note that there is a relative paucity of parcelkinematic trajectories produce a much wetter stratosphere
at the high northern latitudes above about 25km. This is thqjsing ERA40. Among the reasons for their results, Liu et
region of strong descent inside the vortex and parcels thag|. (2010) noted that the rapid dispersion of the kinematically
originated at high altitudes are advected to lower altitudestransported parcels allowed the parcels to “avoid” the coldest
This effect is seen in the Southern Hemisphere six monthgropopause. That is, they could cross into the tropical upper
earlier (not ShOWﬂ). We also note a thicker cluster of tropical stratosphere in warmer tropical tropopuase regions, avoiding
parcels between 22 and 27 km. This corresponds to the “thehe West Pacific where the tropopause is coldest. In contrast,
tropical pipe” region, where exchange with mid-latitudes is we find that our kinematically transported parcels actually
slow (Plumb, 2002). This isolation of the tropical region have a higher probability of finding the cold point compared
causes parcels to accumulate. to the diabatic trajectories thus producing relatively lower
stratospheric water vapor concentrations. Figure 2 shows an
analysis that compares the final dehydration altitudes for the

www.atmos-chem-phys.net/11/8433/2011/ Atmos. Chem. Phys., 11, 848332011
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Tropical Final Deh. Point Distribution

Mean Age K120

1.2x10* [~

Kinematic
r Diabatic
1.0x10* = W. Min Temp.
S S. Min Temp.

8.0x10°

6.0x10% —

Number

~
o]
S|
Temperature (K)
years

4.0x10%

190

2.0x10%

1180
12 14 16 20
Altitude (km)

-90 -60 -30 0 30 60 90
(a) Lotitude

Fig. 2. Final dehydration location distribution vs. altitude for Mean Age D100
parcels that dehydratet110° from the equator. Overlaid are the 0L ‘ ‘
tropical winter and summer and minimum temperature profiles (W. [
Min. Temp., S. Min. Temp.) for the same region from MERRA. The
diabatic parcels dehydrate at warmer temperatures than the kine-
matic explaining the dry bias of the kinematic simulation.

26 =

m

years

diabatic and kinematic calculations along with the overlaid = [
tropical minimum temperature profiles for winter and sum- :
mer. Since we use linear interpolation of temperature in the
vertical, the cold point will coincide with one of the MERRA 1B
levels so the dehydration points will tend to cluster at the lev- r
els (~16.1, 17.2, 18.4, and 19.5km) around the tropopause. [

Figure 2 shows that in our model kinematic trajectories are -90 60 -30 0 30 60 90
. . . . (b) Latitude
much more likely to see the coldest point than are diabatic
trajectories hence the relative drier stratosphere. Fig. 3. (a) mean age for a kinematic trajectory rufn) mean age

Our results and those of Liu et al. (2010) may not be infor a diabatic trajectory run.
conflict. The time smoothing of the MERRA vertical ve-
locity fields produces less transport dispersion than the un-
time-smoothed fields ERA4O0 fields used by Liu et al. (2010) Figure 4 shows the comparison at 20 km with age esti-
If vertical dispersion is very high, as would be the case withmates from C@ and Sk from Waugh and Hall (2002). In
unsmoothed velocity fields from ERA40, parcels could reachboth the kinematic and diabatic case the air is too old in the
the stratosphere avoiding the coldest temperatures. On thopics, which suggests that heating in both data sets is too
other hand, moderate levels of vertical dispersion from theweak near the tropopause. This is consistent with analysis
time smoothed MERRA omega fields would allow tropical by Schoeberl et al. (2008b) that showed that the vertical ve-
parcels at the edges of the coldest regions to disperse into tHecity in the GEOS-4 assimilation was too weak at 20 km by
colder zones creating a low water vapor bias. Without morealmost a factor of two compared to vertical motion fields de-
rigorous experiments we cannot explore this hypothesis fursived from the observed water vapor tape recorder signal. If
ther, and it is beyond the scope of this study. the tropical vertical motion were stronger, then the age-of-air

Another way to compare the differences between the kinein the tropics would be younger and in better agreement with
matic and diabatic models is to examine the age-of-air. Fig-observations.
ure 3 shows the mean age for the diabatic and kinematic com- Outside the tropics, the kinematic model age for the extra-
putations. The tropical pipe in the kinematic run is much tropical lower stratospheric is too old (6 yr vs4 years ob-
narrower and young air extends only to abet24km vs.  served). This means that parcels reaching the upper strato-
~29km in the diabatic case. Thus the “pipe” is more iso- sphere in the kinematic model have a much longer residence
lated in the diabatic experiment compared to the kinematidime than parcels in the diabatic model. As Fig. 3 implies,
case. We also note that the zone of tropical young air isthe lack of isolation of the tropics allows parcels to recircu-
narrower in the kinematic calculation consistent with more late in and out of the tropical upper stratosphere increasing
meridional dispersion as suggested above. their age.
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Mean Age at 20 km Troj. H20 20091230
T T T

ppmv

Lotitude
Number of parcels = 540761

Years

MLS H20 20091230

Latitude

20,

\

< N
o
-60

Latitude

Fig. 4. Mean age averaged over a 2009 at 20 km with measurement
based on C@and Sk from Waugh and Hall (2002). Solid line,
kinematic integration; dashed line, diabatic integration.

Igig. 5. Zonal mean water vapor mixing ratio at the end of the
particle integrations — 30 December 2009 . Top D100 (Diabatic,
100 % super-saturation) experiment, bottom MLS V3 observations
(see Table 1). Zonal mean temperatures are shown as black con-
tours. Temperature data are from MERRA.

4 \Water vapor

Given the kinematic trajectory transport biases we will now an important region of NH winter dehydration.
restrict our discussion to the diabatic integrations. Figure 5 For NH summer, the model reproduces the increase in
shows the D100 simulations of water and the MLS zonaltropical water vapor. Not only are there increases in water
mean water vapor for the same day. Overall the agreement igver the East Asia but over Central America as well. Outside
within MLS measurement uncertainties, although the waterthe tropics the model reproduces the strong isolation of the
vapor mixing ratio in D100 is slightly lower than MLS val- Antarctic vortex and dehydration within the vortex domain
ues. Liu et al. (2010) also found that the diabatic calculation(see Fig. 8 below). On the other hand, the model fails to re-
was dry compared to observations, but much more so thaproduce the observed Arctic water vapor winter increase rel-
our results. In Liu et al. (2010) the dry bias could be offset ative to mid-latitudes. Both methane and water show that the
by a simple temperature increase of at the LDP. Both their resnodel fails to maintain a gradient across the Arctic boundary,
sult and ours highlight the importance of assimilated tropicalsuggesting too much cross-vortex mixing in MERRA.
tropopause temperature in determining the water vapor. Figure 7 shows the water vapor tape recorder (Mote et
Figure 5 shows that both the tropical and Antarctic dry al., 1996; Schoeberl et al., 2008a and references therein) for

zones are well simulated. We also note that the model patc#100, MLS and K120. The K120 simulation (Fig. 7a) shows
of tropical dry air at about 22 km is located at a somewhat'@pid dispersal of the tape signal abov@0km compared
lower altitude than in the MLS observations. This dry patch 0 MLS (Fig. 7b). D100, Fig. 7c, on the other hand, shows a
is a section of the tape recorder; the previous Northern Hemicoherent tape signal through the lower stratosphere although,
sphere (NH) winter's dry TTL air that has ascended to 22 km.2s mentioned above, the signal is ascending too slowly. The
The altitude offset between the model and MLS confirms thatincoherence of the K120 tape signal is consistent with the
MERRA heating rates in the tropical lower stratosphere arémean age plots shown in Fig. 3 where we noted that pene-
slightly too low. tration of old air into the tropics from mid-latitudes would
Figure 6 shows comparisons of monthly mean water Va_increase the age and narrow the tropical pipe. We also note

por maps for January and August for the D100 experimentat the upward moving water vapor (Fig. 7b, c) anomalies
at 82 hPa{17.5 km) with MLS observations. There is over- show downward bends in 2006 and 2008 near 20 km. This is

e effect of the descending QBO circulation on the anomaly

all excellent agreement between the model and the observ g hich | I i th heati
water vapor fields. We do note some important differences'€!d: Which is well reproduced in the MERRA heating rate

though. The tropical west Pacific region is somewhat dryer ata.
than MLS observations and slightly wetter outside the trop-

ics. On the other hand, the model has reproduced the dehy-
dration region over South America consistent with the find-

ings of Schiller et al. (2008). As we will show below, this is
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2 Fig. 7. Water vapor concentration anomalies at the equatdf)

vs. time. (a) K120 (kinematic) experimentb) MLS V3 observa-
Model Aug. 2004-2009 Monthly Mean tions. Missing MLS data is interpolated over the gafs) D104
(diabatic) experiment (see Table 1).

abatic experiments the dehydration locations are nearly the
same. The point density is obtained in Fig. 8a by counting fi-
nal dehydration locations in & 5 10° latitude-longitude grid
(b) i ] and normalizing by the total number of parcels. The altitude-
latitude density pattern shown in Fig. 8b is obtained the same
Fig. 6. Monthly mean water vapor at 82hPaX7.5km) for Jan-  way using a 5x1.35 km latitude-height grid.
uary (a) and August 2005-200®) for the model and MLS; D100 In agreement with many previous studies, the principle de-
experiment. hydration region is the Tropical West Pacific (TWP), which
is the coldest part of the TTL (e.g. Krueger et al., 2008;
Fueglistaler et al., 2009, and others). However, outside the
TWP, Fig. 8a shows significant dehydration taking place
in zones over India, Africa, South America and Antarc-
Parcels moving through the TTL and lower stratosphere canica. Somewhat surprising is the wide extent of dehydra-
dehydrate multiple times. Thus the most relevant statistic ision over South America although this region of dehydration
the location of final dehydration point because this is whatg|so appears in the back trajectory studies by Fueglistaler et
ultimately determines the stratospheric water vapor concenal. (2005) and Krueger et al. (2008). Very low water vapor
tration. We find that multiple dehydration events within a amounts are observed by MLS and simulated by the model
month or so after parcel release with the parcels experienc¢rig. 6a) are consistent with this being a zone of dehydra-
ing fewer dehydration events afterwards . Thus to provide &ion. It is also interesting that the TWP dehydration region
pattern of final dehydration we select parcels that are oldefs split into two regions, one north of the equator extending
than a year because a few of these parcels will subsequently East Asia, and one south of the equator extending from
dehydrate further. northern Australia across eastern New Guinea. This TWP
In Fig. 8 we show statistics of the locations of final de- dipole dehydration distribution also shows up in the vertical
hydration point density for all D100 parcels. For all the di- distribution of dehydration locations (Fig. 8b) and reflects the

4.1 Location of final dehydration events
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Dehydration Location Density — All Seasons

Dehydration Location Density — NH Winter

normalized distribution x 1072

normalized distribution x 1072

(b)

Latitude
(b) Winter in Both Hemispheres

Fig. 8. Upper plot(a) shows horizontal distribution of final dehy-
dration location density for all parcels more than 1 yr old, regardless
of when they were dehydrated (from the D100 run). The lower plot
(b) shows the annual vertical distribution of dehydration locations
along with the winter zonal mean temperature contours superim-
posed (winter in the SH and winter in the NH).

MERRA temperature fields. To illustrate this, we have over-

laid the winter temperatures in Fig. 8b to illustrate the co-
location of cold temperatures and final dehydration points in
the tropics and over Antarctica.

Figure 9 shows the D100 seasonal distribution of final
dehydration density for NH winter (December—February),
spring (March—May), summer (June—August) and fall
(September—November). The NH winter dehydration ex-
hibits many of the features of the annual average dehydration
(Fig. 8a) with the highest density of dehydration points oc-
curring in the southern branch of the TWP dipole and with
almost no contribution from East Asia. Dehydration over
South America is also important in this season. In spring, the (g)

dehydration focus is in the tropical Pacific and SE Asia. De-

normalized distribution x 1077 normalized distribution x 107 normalized distribution x 107

normalized distribution x 1072
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hydration in the summer is most common over East Asia,Fig. 9. Density of final dehydration frequency by season. Upper

with a smaller contribution from Antarctica. In the case l€ft (&) winter, upper righ(b) spring, lower lefi(c) summer, lower
of Antarctica, the major dehydration zone lies close to theright (d) fall.
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Table 2. Dehydration Statistics by Region.

Location All Seasons (100%) NH Winter (30%) NH Summer (24 %)
% H,O % H,O % HO

West Pacific 41 4.2 52 34 36 5.2

India 11 4.6 5 3.9 20 5

South America 21 4.5 26 3.8 10 6

Africa 10 4.4 15 41 3 5.8

Antarctica 16 2.2 0 - 30 2.0

Northern Hemisphere 1 5.8 ~0 - 1 -

Statistics of final dehydration locations for regions shown in Fig. 8a for the D100 run. Percent shows the total percentage of model parcels that dehydrated in the indicated region.
H,0 is the average water vapor mixing ratio (ppmv) for parcels that dehydrated in that location. Only parcels over a year old are considered.

Antarctic Peninsula where large-scale orographic waves thagion — we refer to these fractional maps as “Influence”. For
are resolved by MERRA can depress temperatures. The akxample, the instantaneous distribution of parcels that had
titude of this zone is shown in Fig. 8b. North polar gravity Antarctica as their final dehydration point is the “Antarctic
wave driven dehydration is also seen in the model, but to dnfluence”. We neglect the Northern Hemisphere Influence
much lesser extent than in the Southern Hemisphere. Duringince it is negligible in all seasons and we lump South Amer-
NH winter this dehydration mostly occurs over the Scandi-ica and Africa together.
navian Peninsula. In the NH fall, dehydration over Antarc- Table 2 and Fig. 10 shows that the TWP influence dom-
tica occurs, as does dehydration over S. America and the Ninates the stratosphere but that South America and Africa
Australia-New Guinea region. together are important regions for dehydration in NH win-
Table 2 shows how each region in Figs. 8a and 9 con-er. During the NH summer the influence of the TWP is still
tributes to the control of water vapor in the stratosphere inhigher than India (and East Asia) despite the fact that the wa-
percent and in average water vapor mixing ratio. The percenter vapor maximum is clearly located over India (Fig. 6b).
is of number model parcels (over a year old) that dehydratedNote the tape recorder signal moving upward in the tropics
in the specified region shown in Fig. 8a map. as a variation in the dehydration locations. Figure 10b shows
As is evident in Figs. 8a and 9 and Table 2, in NH win- that, during Antarctic winter, the vortex confines the dehy-
ter the TWP is the predominant locus of dehydration of thedration to regions south e#60° S. After the breakup of the
stratosphere; however, as noted above, the next most impowrortex (early NH winter), the influence of Antarctic appears
tant zone for dehydration is the continent of South America.to be reduced to the region below 18 km (Fig. 10a) where a
Water vapor amounts from these zones are about 4 ppmv. Iweak vortex persists. Despite the strong dehydration in the
NH summer, dehydration events over India (and east AsiajAntarctic stratosphere, the overall influence is small. As a
are most important, but dehydration over Antarctica playsside note, the kinematic integrations show much wider in-
a role as well. During NH summer, the water vapor mix- fluence of the Antarctic region in the Southern Hemisphere
ing ratio for parcels that dehydrated over Antarctica averaggnot shown). This wider Antarctic influence in the kine-
2 ppmv whereas all other regions the average3ds6 ppmv.  matic model occurs because diffusive parcel exchange across
The Antarctic stratosphere reaches minimum temperaturethe vortex wall allows more air to be processed by the cold
during a period when the polar vortex is very isolated (Schoe-Antarctic stratosphere.
berl and Hartmann, 1991) and thus the dry air inside the
vortex cannot easily circulate into the Southern Hemisphere
until the vortex breaks up in November. Therefore, despite5 Summary and conclusion
very dry air being produced inside the Antarctic vortex, the
net contribution of Antarctica to stratospheric dehydration is This paper describes initial results from a domain filling, for-
still smaller than the overall contribution from the tropics.  ward trajectory model that has been developed to examine
Tracking parcels after final dehydration and sorting their the dehydration processes that control stratospheric water va-
distribution as a function of altitude and latitude allows us to por. We use the MERRA assimilated winds and temperatures
further explore the role of the various dehydration zones inin these calculations. Comparing diabatic and kinematic tra-
controlling stratospheric water vapor. Using the parcel po-jectories, we find that the kinematic trajectory results are
sitions, we can show the relative distribution of parcels thatsignificantly different from the diabatic calculations. De-
have dehydrated in different regions. Figure 10 amplifies thespite vertical velocity time-smoothing of the MERRA data,
results from Table 2 by showing the instantaneous distributhe additional stochastic transport due to the vertical veloc-
tion of parcels on a particular day that dehydrated in each reity “noise” in the kinematic calculation creates too dry a
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Fig. 10. Gridded instantaneous fractional distribution of parcels that dehydrated in different locations for 31 Decemifaj 20603 July

2009(b), D100, or influence. Figure 8a shows the region map labels.

stratosphere and a too diffuse a tape recorder signal com- The diabatic calculations provide more reasonable trans-
pared observations. The reason the kinematic stratosphere grt, and the mean age for the diabatic calculation better
too dry is because the dispersion of parcels provides a highematches to the observations. Comparisons to MLS water va-
probability for encountering cold temperatures and dehydratpor data show that the diabatic simulation of stratospheric
water vapor, assuming dehydration at ice saturation, is only

ing.
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slightly dry, and the water vapor tape recorder signal com-Danielsen, E. F.: Trajectories — isobaric, isentropic and actual, J.
pares well to MLS observations although the ascent of the Meteorol., 479-486, 1961.
tape signal is too slow. The slight dry bias is consistent withCorti, T., et al.. Unprecedented evidence for deep convection
the cold bias in MERRA tropical temperatures at 100 hPa. ~ hydrating the tropical stratosphere, Geophys. Res. Lett., 35,
We explore the effects of changing the super-saturatiory L1?810£0||:519.1%9/20#8@033%42008. al .
threshold and including convective moistening and gravity essier, A = e effect of deep, tropical convection on
. . the tropical tropopause layer, J. Geophys. Res., 107, 4033,
wave mduced_temperature fluctuations. We can match the doi:10.1029/2001JD000512002.
MLS observations if we assume super-saturation of aboUpessier, A. E., Weinstock, E. M., Hintsa, E. J., Anderson, J. G.,
104 %. Alternatively, we can obtain the same agreement with \wepster, C. R., May, R. D., Elkins, J. W., and Dutton, G. S.:
MLS measurements if we include both convective moisten- aAn examination of the total hydrogen budget of the lower strato-
ing and gravity waves, setting the saturation at 100%. Con- sphere, Geophys. Res. Lett., 21, 2563—-2566, 1994.
vective moistening increases stratospheric water vapor anbessler, A. E., Hintsa, E. J., Weinstock, E. M., Anderson, J. G., and
gravity wave temperature fluctuations reduce it. Thus, if we Chan, K. R.: Mechanisms controlling water vapor in the lower
believe that convective moistening must be present to repro- Stratosphere: "A tale of two stratospheres”, J. Geophys. Res.,
duce HDO measurements, (Moyer et al., 1996; Keith, 2000; 100, 23167-23172, 1995. o )
Dessler et al., 2007) then gravity waves are also required t&?€sSie. A. E., Palm, S. P, ‘and Spinhirne, J. D.. Tropi-
. o . . . . cal cloud-top height distributions revealed by the Ice, Cloud,
provide additional dehydration. Future simulations will fo-

imult | tchina@ and HDO strat heri and Land Elevation Satellite (ICESat)/Geoscience Laser Al-
cus on simultaneously matching& an Stratospheric timeter System (GLAS), J. Geophys. Res., 111, D12215,

observations. _ _  doi:10.1029/2005JD006703006.
The model allows us to quantify the spatial pattern of final pessler, A. E., Hanisco, T. F., and Fueglistaler, S. A.. Ef-

dehydration locations. Although we find that the TWP dom- fects of convective ice lofting on $0 and HDO in the
inates the dehydration processes in winter, South America is tropical tropopause layer, J. Geophys. Res., 112, D18309,
also important, and the dry region over South America shows doi:10.1029/2007JD008602007.
up in the MLS HO observations as well. Antarctica makes Fleming, E. L., Jackman, C. H., Weisenstein, D. K., and Ko,
an additional contribution to the Southern Hemisphere wa- M- K. W.: The impact of inter-annual variability on multi-
ter vapor budget by releasing very dry air into the Southern de_cadal total ozone simulations, J. Geophys. Res., 112, D10310,
Hemisphere stratosphere following the break up of the win- do'f10'1029/2006JD007953007' i

. . ) ._Fueglistaler, S., Bonazzola, M., Haynes, P. H., and Peter, T.: Strato-
ter vortex, but its influence is not great. The India-East Asia

. . . spheric water vapor predicted from the Lagrangian temperature
region is important for dehydration during NH summer, but history of air entering the stratosphere in the tropics, J. Geophys.

it is not as important as TWP. Res., 110, D0810%0i:10.1029/2004JD005518005.
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