A distribution law for free-tropospheric relative humidit y
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ABSTRACT

The probability distribution of local relative humidify in the free troposphere is explored by comparing a
simple theoretical calculation with observations from @lebal Positioning System (GPS) and the Microwave
Limb Sounder (MLS). The calculation is based on a parcel othait conserves its composition during diabatic
subsidence, untilitis resaturated by randomly enteriranaective system. This simple “advection-condensation”
model of relative humidity predicts a probability densityr fR proportional toR™—!, wherer is the ratio of
time scales associated with subsidence drying and randastanmg. The observations obey this distribution
remarkably well from 600 hPa to 200 hPa in the tropics andatitdides; possible reasons for this are discussed.
The lowest values dR are predicted, and observed, to be the most probable. Teewausvertical variation gR
is well explained by that of the subsidence time scale, wisiget by large-scale dynamics and radiation. These
results imply that cloud microphysics exerts little cohtsn water vapor’s greenhouse effect, but that relatively
subtle dynamical changes have the potential to alter teagth of its feedback on climate change.

1. Introduction by numerical climate models (GCMs) in which humidity is
. , calculated rather than assumed (Held and Soden 2000; Soden

Water vapor is presently Earth's strongest greenhouse gagn g Held Submitted 2005), and by some compelling obser-
but unlike other_s is controlled internally by the climatssy \ational studies (Soden et al. 2002, 2005). The resulting
tem on a short time scale (see Held and Soden 2000). Thygeghack approximately doubles the senstivity of climate t
one of the most pressing problems in predicting climate SeNany exogenous forcing.
sitivity is understanding how this control operates. Astem
perature rises, multiphase constituents such as wate@asecr
ingly prefer the vapor phase, with equilibrium (“saturdjed equilibrium, almost everywhere in the atmospReree-

) 0 ,

vapor pressure rising between 6 a_nd 18% et present artures from equilibrium are most pronounced in the sub-
terrestrial temperatures. When using models lacking an ex?ropical “free troposphere” where relative humidity iseft
plicit hydrologic cycle, most previous investigators of-cl

well below 10%. Such radical departures demand a theory

mate sensitivity (beginning with Arrhenius 1896) assumede relative humidity, since even a modest climate sensjtivi

that actual concentrations would change at this same rate in . - L

. . . . ... Of relative humidity could significantly change the strangt
a climate change, in effect assuming that relative humidity
would remain invariant. This expectation is now supported__

11t is now becoming evident that water vapor mixing ratiosesmper-
atures below about-50°C are frequently above saturation. The reasons

A major sticking point is that condensed water is usu-
ally absent, and water vapor pressure consequently below

Corresponding author address: for this are not understood at this time, but the occurrerfcgupersatu-
S. Sherwood, Yale University, New Haven, CT 06520 (ssher-ration only adds to the concern about assuming that reldivaidity is
wood@alum.mit.edu) climate-invariant.
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of the feedback (Pierrehumbert 1995; Spencer and Braswethting hydrometeors play any role, except implicitly bygiel
1997). This is because (as with carbon dioxide) absorptioring to establish the saturation constraint applied to theesh
depends roughly on the logarithm of the concentration:-halv parts of a parcel’s trajectory. Even the observed tendehcy o
ing the relative humidity from 10% to 5% has about the samecloudy air to maintain higher moisture content than clear ai
impact as going from 100% to 50%. (Soden 1998) can be explained on the basis of the clouds’

Outgoing clear-sky radiation in GCM climate-change radiative impact on air trajectories, without invoking utb
simulations is broadly consistent with relative humidity water sublimation which is of secondary importance (Sher-
preservation, but neither these nor the observationat stugvood 1999). These results are plausible sinc€9% of
ies have put the issue to rest. Water vapor concentratiens atmospheric water is in the vapor phase. Condensed water
controlled both by advection on all scales and by moisteningnixing ratios are significant compared to vapor mixing ra-
by fa|||ng hydrometeorsl making water vapor a Cha”engingtios Only where thick cloud cover is present, a small fractio
problem. It is possible that GCMs are too diffusive or that Of the free troposphere. In tropical air columns with opti-
their crudely represented cloud microphysics will not re-cally thick cold clouds, average relative humidity at aVidés
spond realistically to climate change. Of greatest conisern IS typically 80-90% (Sherwood 1996), in reasonable accord
the free troposphere of the Tropics and Subtropicsy where tthth the model. While clouds perSiSt for some time outside
water vapor feedback is strongest, cloud physics may havef convective systems, most of the water condenses out in
greatest leverage, and departures from equilibrium am-gre much less than one day, which is short compared te-the
est (Held and Soden 2000). The observational studies sho@@y lifetime of water vapor. Thus evaporation of these hy-
the feedback is nontrivial, but could be consistent with adrometeors helps to bring the small, “convective” part ef th
broad range of feedback strengths. Until a testable, $traig atmosphere near saturation but evidently has minor impact
forward, heuristic explanation can be given as to why largeelsewhere.
departures from equilibrium occur and why these should be Both Lagrangian and Eulerian tests of this model do suffer
climate-invariant, complex model results alone will remai from three limitations. First, the wind field is only known
unconvincing. at coarse resolution, so that individual trajectories wit

A useful paradigm has emerged in the past decade t§xecute the detailed mesoscale motions occurring in nature
explain observed water vapor distributions in the free tro-Second, vertical velocities are unobserved, must be iederr
posphere, known as the time-of-last-saturatioadwection-  indirectly, and are inaccurate—yet are the most powerful in
condensatiomodel (Pierrehumbert et al. 2006). The basic fluence on a parcel's relative humidity. Third, the humidity
idea is that water vapor is set to its saturation value (orobservations required to test the calculations have their o
some value close to th|s) when an ascending air parce| CooigaCCUraCieS. In the case of radiosondes these include bi-
sufficiently to exceed saturation, and the mixing ratio sub-ases that can exceed a factor of two for some models (Soden
Sequent|y remains unchanged if the parce| temperaturg Sta}Qt al. 2004) as well as random errors. For nadir-view steelli
the same or increases, untilit comes in contact with the chixe retrievals the main problems are very coarse vertical reso-
layer, is entrained into another cloud system. Thus a parcel lution, moisture-dependent vertical sampling, and ingbil
humidity will equal the lowest saturation value it has exper to retrieve accurately in cloudy conditions (e.g., Laneant
enced since leaving the boundary layer. This was first teste@nd Gahrs 2000). Recent instrumentation has improved this
by Sherwood (1996) against radiosonde and SSMT/2 (SpeSituation somewhat, achieving point accuracies of 10-25%
cial Sensor Microwave Humidity sounder) humidity fields in (Gettelman et al. 2004; Wu et al. 2005) in clear and partly
the tropical free troposphere, in an Eulerian calculatithw cloudy conditions. Limb sounders suffer from sparse sam-
observed winds where a relative humidity ceiling slightly Pling and less than ideal horizontal resolution. No single
below saturation was assumed for mesoscale regions of oplatform is able to “image” the full relative humidity field
der 100m square. Further tests of the idea with Lagrangia@ccurately in four dimensions.
calculations confirmed that a 100% saturation could be as- A more fundamental limitation of the advection-condens-
sumed with accurate results all the way to 150 hPa (Dessleation paradigm is that it is incomplete without a sufficient
and Sherwood 2000; Pierrehumbert and Roca 1998; Salattdescription of the wind field. An explicit four-dimensional
and Hartmann 1997); such calculations have proven usefulescription is cumbersome, inelegant, and lacks predictiv
for diagnosing water vapor distributions in better detadlrt  utility. Yet certain statistics of a tracer field are often in
they can be observed (Roca et al. 2005). Folkins et al. (200Xprmative without having to know the advection field ex-
also showed that, even without explicit wind information, plicitly. For example, Tuck et al. (2003) assessed the im-
the tropical mean vertical profile of relative humidity from portance of different near-tropopause mixing processes fr
11-14 km could be obtained simply by enforcing energy andwo-point humidity correlation statistics. Previous istie
mass conservation. gators have found exponential distributions of humiditgme

In none of these calculations did moistening by reevapothe tropopause (Gierens et al. 1999; Spichtinger et al. 2002
Soden and Bretherton (1993) noted an approximately log-
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normal distribution of upper-tropospheric humidity (an av treat the quantities in parentheses as constant and itéegra
erage from about 200 to 500 hPa, though with a humidity-yielding an exponentially growing:
dependent weighting function). As yet no unequivocal expla
nation for these distributions has emerged. Complicatieg t qs(t) = gs(0) exp (— Lol t) . 2
picture, Zhang et al. (2003) reported bimodal distribusion R,T?
in some (but not all) available datasets. Previous studies ) ) _
agree, however, that water vapor mixing ratio and relative A key assumption of the advection-condensation model
humidity distributions are very broad and look nothing like iS that, during this process, the water vapor mixing ratio
the Gaussian distribution often found for other geophysicaltSelf is conserved. This means that the relative humidity
quantities. This indicates that water vapor equilibriarose ~ ® = ¢/¢s Must decrease exponentially in time. By setting
maintained by random additions and subtractions of watef = 0 when the parcel was last saturated, we obtain
from air parcels, which should (by instituting a random walk .
of humidity) produce a Gaussian distribution. R ~ exp (—TD ) , 3)

ry

We begin this study by formulating the advection-con-

densation model more explicitly, idealizing the motions of where we define the subsiderdrying time constant
a candidate parcel of air. This predicts a relative humidity

distribution, which we then compare to observations. _ R, T?
7—Dlry = F (4)
L,wI’
2. A Steady-State, Diabatic Advection-Condensation (note that “drying” here refers only to relative humiditytn
Model to absolute humidity which remains constant). We may in-
a. Diabatic motion and parcel relative humidity terprett as the “age” of the air parceR directly measures

this age in a manner analogous to how the ratit'6fto '2C

The dominant circulation in the Tropics is a “wet up, dry- measures the age of an organic carbon sample. Visual in-
down” overturning. Dynamic adjustment is rapid near thespection of geostationary water vapor imagery loops (which
equator, isentropic temperature gradients are modest, anfdicates upper-tropospherR rather than) confirms that
synoptic upper-air variations are typically no more than apockets of air become successively drier as they meander
few degrees. Thus, we may idealize the life of a free-along, until they encounter fresh convective activity. The
tropospheric parcel of air in the Tropics by saying thasies  subsidence drying timep,, is of order days, varying with
in a convective updraft, detrains at some level (possibly, b height (Mapes 2001).
not necessarily near the tropopause), then meanders throug
the troposphere quas_l—horlzon.tally pnt|l either reactting b. Remoistening and a distribution law for relative humidit
boundary layer or being entrained into some other convec-
tive system. Complications of this simple picture will be  The distribution ofR must clearly depend on that of parcel
discussed in Section 4. “age,”t. We now further idealize by supposing that parcels

During this meandering, the parcel experiences a net raare “remoistened” by encounters that occur randomly with
diative cooling causing it to sink gradually through isepic @ fixed probability per unit time independent of previous
surfaces. Since these surfaces fluctuate little in temperat history (a Poisson process). The probability distributdn
the result is a strong tendency toward gradual compressiviitervals between events in a Poisson process is expohentia
increase of the parcel’s temperature (albeit with some flucTherefore the distribution of ageamong air parcels outside
tuations superimposed on this). The Clausius-Clapeyrogonvection at any given moment will be
equation dictates that the parcel’s saturation mixingrati

grow according to Pi(t) = 1 exp <_ t ) . (5)
TMoist TMoist
Dg, —L,wl’ . . .
Di s R.T2 )’ (1) The decay constant,,;s; iS the reciprocal of the remoisten-

ing probability per unit time.
where %‘I; is the material derivative following the sinking If we assume that the troposphere is very deep with con-
parcel, T is the local temperaturey the (negative) vertical stantw, m,, andny.is at all heights at and above the level
velocity,I" the (positive) lapse rate, arit, andL,, the water  under investigation, the model becomes stationary and er-
vapor gas constant and latent heat of vaporization. Sincgodic, with the same calculation applying equally well to
clear-sky radiative cooling rates in the tropical atmosphe the distribution oft on parcels initialized (remoistened) at a
are nearly height-invariant from the boundary layer to dbou given time and level, or parcels observed at a given time and
250 hPa (e.g. Folkins et al. 2002), and other quantities alstevel. Clearly this assumption will fail near the tropopaus
retain similar magnitudes, it is not a drastic approximat®m  where there is a limit to how old/dry the air can be. But
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since the free troposphere is roughly seven times as thick997; Steiner and Kirchengast 200%.is little affected by
as a typical water vapor scale height, the “unbounded” ap€louds. Because water vapor concentrations decreasérapid
proximation should be acceptable except very close to thevith temperature)V is essentially unaffected by water va-

tropopause. por below about 230 K. At temperatures above about 240K
Combining (5) with (3) we obtain the distribution of rel- water vapor concentration can be retrieved, as long as the
ative humidity away from hydrometeors: dry-air density contribution taV is known from indepen-
dent data. With information on pressure and temperature,
Pr(R) o« R, (6)  this can be converted to relative humidif. Here, we
r = _Dry present retrievals from the German CHAMP satellite from
TMoist October 2001 and January, April and July 2002 (for a com-

This one-parameter family of curves describing the digtrib Parison of results from the satellites CHAMP and SAC-C,

tion of R is a momentous result. The two time scales appear€€ Haij et al. 2004). Moisture is calculated at University
only as aratio. If- = 1(7pry = Taoist ), We obtain a uniform of Arizona based on refractivities from the JPL occultation
. = ry — oist )

distribution between 0 anft,. Otherwise we get a broad retrieval system. The occultation sampling is globally dis
distribution peaking either & = 0 (for 7pry < Tyioist) OF tributed with 2000 to 3000 profiles per month. Independent

Ro (for 7oy, > muoist). Distributions are predicted to be information on the temperat.u.re profile, and a s_tratpspheric
broad regakdless of We may integrate (6) to yield an even geopotenual boundary condition for hydrostatic inteigmat

simpler, cumulative distribution is derived from ECMWEF operational analyses. Any biases
' in these data, particularly temperature, will affect tho$e
C(R)=TR" (7)  R. We calculateR with respect to the liquid or ice phase at

) o . . temperatures above or below freezing, respectively.
We prefer the cumulative distribution to the density, since . . .
. . . . Our retrievals follow the procedure outlined by Kursin-
the former is a unique function while the latter depends on _, . N . - .
- . ski and Hajj (2001), with two modifications. The primary
the humidity measure used (see Pierrehumbert et al. 2006)7 "~~~ "~ . . . .
modification is a correction for diffraction according to 1Go
bunov (2002). This correction improves accuracy, reduces

3. Observations multipathing problems, and permits vertical resolutionpf

To test (7), we ideally need a Tropical (or global) moisture Proximately 200m. Horizontal resolution in the along-rac
dataset with (a) unbiased, preferably complete geographigiréction is about 300 km. We estimate the accuracy of in-
sampling, and (b) reliable accuracy throughout the fuljean dividual retrievals at Iqw troplcal_alptudes to vary frorf2
of relative humidities in the atmosphere. Aircraft and ra-at low R to 10% at highR. This increases te-15% at
diosonde data lack the uniform spatial coverage and/oraccd€ highest altitudes where retrievals were attempteds@he
racy required for this job. While current-generation inée uncertalntles .|nclude errorinthe mput temperat.u.re aedpr
sounder data could probably be useful, most pixels are eloudSUr® information as well as the retrieved refractivity. Ao
contaminated and retrievals depend on model-based initig[rough description of the methodology and evaluation of
guesses, both of which may introduce biases. We have ndtHAMP and SAC-C water vapor retrievals is in preparation
explored such datasets here. Instead, we employ satelliéUrsinski etal. In preparation).
limb observations to obtain the necessary spatial sampling This method does not ensure that individual retrievals
and vertical resolution. These limb observations employwill be positive. To avoid negative values in the histograms
sufficiently long wavelengths to penetrate most clouds. Onave have for the time being adopted the simple approach of
drawback of limb observations is that they represent longpushing any negative RH values up to the lowest positive
(~100-300 km) horizontal path averages. This may smoottlistogram bin (0-2.5%). This unfortunately causes some
the distribution somewhat, particularly atthe moist enéveh ~ distortion to values at the very dry end of the spectrum, but
convective sources provide small-scale structure. Howyeveits effect on most of the histogram will be insignificant. A
geostationary imagery shows that the dry regions of greatdeconvolution method for estimating the true distributién
est concern are typically characterized by scales larger th R values given the observed distribution and independent
this (notwithstanding the occasional moist filament thayma noise estimates is still under development.

appear). To generate the relative humidity histograms (PDFs), we
first separated the data into latitude versus height inkerva
a. Global Positioning System (GPS) one half kilometer thick and Z0in latitude spanning 2 to

_ _ . 9 km altitude and 305 to 30N in latitude. The relative
GPS occultations can be used to obtain path integralfumidity bins are 10% wide (e.g., 80% to 90%) except in
of atmospheric refractivityV, which is determined primar- the 0 to 10% relative humidity interval which is divided

ily by the density (concentration) of air and its water va- into 4 equally-spaced bins each 2.5% wide. The finer bin
por concentration (e.g., Kuo et al. 2004; Kursinski et al.
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spacing at low relative humidities is because very low iadat
humidity values occur rather frequently, and smaller altsol 1200

differences become more important radiatively. The second +  + OPS 335 km
modification to the method of Kursinski and Hajj (2001) is 1001 % X cps, 55-6
that instead of making a yes-or-no retrieval decision fehea » 7 O O oPs, 885 ]

individual occultation (based on temperature), a decigias

made for each altitude binand was adhered to for all retiseva I R0 2 100%; oo 2
in that bin. This ensures that histograms are not distoryed b &
data selection biases.

b. Microwave Limb Sounder (MLS)

The original MLS instrument flew on board the UARS
satellite, observing microwave limb emission useful for de
tecting a variety of trace species. Though this instrumerst w
not specifically designed to measure water vapor except in
the stratosphere, an upper tropospheric retrieval (V4&3) w
developed (Read et al. 2001) based on modeled radiancesFG. 1. Cumulative distributions R at three levels in the lower
and NCEP (National Center for Environmental Prediction)and middle troposphere from GPS data (symbols) and from the
reanalysis temperatures. This retrieval performed resslgn stochastic parcel model W|.th three valuegm(llnes), wherer
well in comparison with other instruments, though showingOlecreases as the curves shift to the lower right.
dry biases below 147 hPa. We show here the distribution of

all available V4.9 data from 1993, for retrieval levels 464, .\, o5 There is some tendency of flattening toward the moist
316, and 215 hPa. end, especially at 3 km, indicating that the moistest values
The successor to this instrument, EOS MLS, is carriedare not quite as moist as predicted. This may well be due to
on the Aura satellite launched in late 2004 (Waters et althe averaging along paths, which will intersect mixtures of
2006). This newer instrument was equipped with additionaljoudy and clear sky even in the cloudiest conditions. The
spectrometers to enable a better upper troposphericv@irie agreement at 3 km is still surprisingly good, given that one
using contrast between multiple wavelengths, and appeaigjght expect the assumptions of the model to be violated by
to be performing well (Froidevaux et al. 2006). Another ghallow cumulus moistening.
difference is that temperature is retrieved simultangolng! Figs. 2-3 show similar tropical results from UARS and
the instrument. Since both versions of the MLS WatervaporEOS MLS, respectively. At 215 hPa, data from the older

retr!eval are logarithmic, negative values cannot occﬁ.‘rS_E l%ARS instrument agree well with the stochastic model, but
retrievals are not attempted at 464 hPa due to attenuation o

the signal, at least in the current version (1.51), but sthbal
more accurate at the remaining levels that the UARS product.

0 20 40 60 80 100

Percentile

We show EOS MLS retrieval distributions from Aug. 1, 2004 120 N
to July 7, 2005. The impact of retrieved temperature in the [ XK ¥ wMLS, 215 hPa
EOS MLS was chegked by recomputing results using NCEP 1007 A A wis 316 N
temperatures; the difference was found to be small compared [ O O s, 466 ]
to UARS-EOS differences. 80+ ’ :
L ———  Model, r=0.67, 0.40, 0.25; ]
- RHo = 100%; 0=0 A
c. Observed histograms v 60 ]
Fig. 1 shows the cumulative distributions of relative hu- 40k ]
midity from GPS at three levels. The distributions indicate I
not only a broad spread of observed humidity values, but a 20k i
large fraction of observations of very dry air. One quarter I
of the tropical air at 8 km is below 4% relative humidity. 0L X 12
Relative humidity decreases with altitude over the avéglab 0 20 40 60 80 100
range. Percentile

These observed distributions are compared with predic-
tions of the stochastic parcel model for several candidate FIG. 2. Same as Fig. 1, except using data from the UARS MLS
values ofr. The distributions are quite close to the predictedfor the upper troposphere.



120

X X MLS—E, 215 hPa
100 -

A /A MLS-E, 316
80 -

———  Model, r=0.67, 0.40, 0.25;
RHo = 100%; o=0

RHi
o}
o

0 20 40 60

Percentile

Fic. 3. Same as Fig. 2, except using data from the EOS MLS.
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Fic. 5. Same as Fig. 2, except using data from 30S-60S and
30N-60N.

this is less true for the EOS data where dry values are not
so dry as with UARS. This level is sufficiently close to the
tropopause that the lowest plausible water vapor mixirig rat
(that typical of the cold point) correspondsibo~ 2 — 3%,
which is more consistent with the newer data. Thus the
UARS agreement at the low end is fortuitous: the 215 hPa
level is too close to the tropopause for the dry tail to extend
as far as predicted by the “unbounded” model.

Closer to mid-troposphere the model should be, and ap-
parently is, more successful. The dry bias present in the
UARS data at 316 hPa has clearly decreased in the newer
data, which conforms more closely to the model. At 464 the
UARS MLS deviates from the model but in a way opposite
in character to that at 316 hPa, with one skewing to high
R and the other skewing to lo®. This suggests that re-
trieval errors (which are often anticorrelated at nearkgle
due to overlapping weighting functions) rather than unieda
physics (which would be expected to have qualitatively sim-
ilar impact at these two levels) may be responsible.

Figs. 4-5 show similar results from midlatitude data. Be-
cause of decreasing temperatures and water vapor mixing
ratios, data are available from lower altitudes than in the
Tropics, which limits the applicability of GPS, but also mea
that MLS should be more reliable at the lowest levels. 215
hPa is in the stratosphere at midlatitudes and is not shown.
GPS results at 3-3.5 km are essentially identical to those in
the Tropics. UARS MLS data obey the model at least as well

Fic. 4. Same as Fig. 1, except using data from 30S-60S anét mid-latitudes as in the Tropics, with a well-known shift

30N-60N.

toward higherR due mainly to isentropic transport of moist
air from lower latitudes (in effect reducingost)-

The GPS observations fail to show the atmosphere reach-
ing saturation. While this could indicate a dry bias, it can
also be plausibly explained as a result of averaging over lon
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(~100-300km) paths, a scale much longer than the size of a
typical cloud or saturated region. It is encouraging that th 15— ——
maximumR is at least consistent at all observed levels. By I LH A
contrast, the MLS observations frequently exceed ice satu- i e
ration at the highest levels. Some of these high values are
undoubtedly cloud artifacts, but supersaturated moistaire

ues have been confirmed in the upper troposphere by in-situ
observations (e.g., Jensen et al. 2005).

—— 7p/7 days
----© GPS fit

----A MLS—AURA fit|
----[] MLS—EQOS fit

7 (km)

d. Comparison with previous results

The preponderance of dry air found here has beenreported
previously in the upper troposphere from microwave-based
limb and nadir retrievals (Sandor et al. 1998; Spencer and
Braswell 1997). It does not appear in geostationary water .
vapor imagery, which seldom shows values below 5% (So- o .. :
den and Bretherton 1993). Deep vertical averaging probably 0.0 0.5 1.0 1.5
obscures the true breadth of tiRedistribution in such im- r
agery. We did not find the bimodality noted by Zhang et al.

(2003); this is discussed in Section 4. ) o ) ]
s . di Pi humb | 2006: S FiG. 6. Vertical variation of ratio- predicted by the model and
ome previous studies (e.g., Pierrehumbertetal. » >Uetermined from the three tropical data distributions. Blqare-

den and Bretherton 1993) have predicted or observed SOM@;.tad; is based on an assumed constant.s: = 7 days, andory
thing close to a lognormal distribution, calculated from a mean tropical observed sounding.

Lo(z) = —— ¢~ In(a/z0)*/a

z\/Ta Tory first decreases, then rapidly increases with height. The
slow decrease arises primarily from the temperature depen-
dence of the Clausius-Clapeyron equation, such that a given
dT'/dt reducesR more rapidly; the rapid increase toward

ditions are dry, (6) closely resembles the broadest paﬁssiblthe tropopause reflects .th.e slowdpwn in subsidence associ-
S A . " . ated with loss of net radiative cooling.
lognormal distribution. In moister conditions, (6) retsits

breadth while lognormal distributions necessarily become 11is calculation recalls that of Folkins et al. (2002), ex-
narrower. Observed conditions are insufficiently moist atcePt that in that study the age of parcels was determined

most levels for these two distributions to be distinguigaab fom the detrainment profile required by mass balance, with-
Near the tropopause, moisture is greater but data quality jout accounting for any other mixing, which limited it to the

sues limit the distinction. In any case, (6) is simpler than QUPPermost troposphere. A more detailed study accounting
lognormal distribution in the sense that it has only one pafOr Poth mechanisms (Sherwood and Meyer In Press) echoes

rameter rather than two. This makes fortuitous agreemerftIkins’ conclusion that the required detrainment donesat
with data less likely. over lateral mixing in supplying moisture to the uppermost
troposphere. The results here show that the entire tropi-
cal profile is roughly consistent with a similar moistening
rate/age distribution &tll heights.

We have fitted a best value ofto the data at each level The vertical variations of the estimated and observed
by choosing the value consistent with the observed mediaprofiles are similar except for an upward shift of about 2 km
R (Fig. 6). The fit is very robust for GPS data due to thein the estimated profile and an excessive amount of mois-
close agreementwith theory, whereasthe MLS besthfiive  ture predicted near the tropopause. The shift is expected,
uncertainties of perhaps 20-30% depending on how they arbecause the estimated profile is based on local valuas of
fitted. The data show a marked height-dependence of moisandI” while the observed moisture reflects conditions “up-
ture, with a dry minimum near 400 hPa or 7-8 km. Also stream” at higher altitudes. This upstream influence should
shown on this figure is an estimaterofound by calculating  extend about one water vapor scale height~& km (a
Tory at each level from a mean tropical sounding with clear-detailed calculation presented by Sherwood and Meyer (In
sky net radiative cooling calculated with a radiative tfans  Press) confirms this). Accounting for this brings the curves
model (for details see Sherwood and Meyer In Press), dividethto good agreement, except for excessive moisture near the
by ammoist @ssumed constant at seven days. The calculatettopopause. That excess is not surprising either since tem-

Our scaling distribution (6) approaches the limitR) when
r is taken to zero; the lognormal distribution approaches thi
same limit as its widtla is taken to infinity. Thus, when con-

e. The vertical profile
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perature fluctuations, ignored in the model but caused iropposite result.

reality by transient waves and asymmetry in the mean tem- Fajlure to observe a moist mode here could be attributed
perature field, become significant close to the tropopause. lto path smoothing, as the near-saturated regions may often
a background environmentthat is very moist due to the weale too small to be isolated in a limb scan. Alternatively,
subsidence, these fluctuations cause cirrus cloud formatiothe bimodality reported by Zhang et al. could have been
and dehydration which prevent extreme humidity. an artifact of sampling biases: many of the field programs

Despite these limitations, the similarity of the curves providing their data were specifically designed to observe
through most of the free troposphere indicates that the veracross sharp gradients in atmospheric conditions, and the
tical variation of moisture can be explained on the basis oimulti-platform moisture analysis they examined could have
large-scale dynamics and radiation, as concluded by a fewaken on bimodality due to the blending of in-situ and satel-
previous investigators. Similarly, the distribution atigaen  lite input data. No evidence of bimodality was reported
height is explained by the advection-condensation modelby Gierens et al. (1999) in upper-tropospheric data gathere
The only remaining variable unaccounted for is the overallfrom routine commercial aircraft. Both the expected, and
moistening time scaleyoist - actual, details of moisture distributions near the moist en

of the range therefore remain unclear, though they are being

4. Discussion studied in cloud-resolving models (Tompkins 2002).

The simplicity evident here seems surprising in light of
the real-world complexities that were overlooked. The sim-b. Extratropics, and advection models
ilarity of tropical and midlatitude results, in particuldas
puzzling since extratropical dynamics would appear to be The basic assumption of our temperature model was that
quite different from the “moist up, dry down” basis of the parcel temperature increases monotonically due to subsi-
simple model. Also, no bimodality was found in the distribu- dence from the moment it leaves a near-saturated region.
tions; we find only a dry mode iz (R), peaking aR ~ 0. This idealization should fail outside the tropics. In fact,
Our distributions were highly robust, appearing similaaiin ~ €ven in the tropics, much of the dry air was last saturated in
four seasons (not shown). the extratropics where potential temperature surfaced ben

Some of these findings could be artifacts of the satelUPward to much lower temperature (Galewsky et al. 2005),
lite data. A 300 km path length is indeed long enoughmakmg th_e success o_lou_bl_y puzzling. Qut5|de the tropics,
to eliminate structure from many convective systems. [tthe experience of an individual parcel will surely be dom-
seems unlikely, however, that this by itself could produce'nated _by temperature.changes associated Wlth latitudinal
the right amount of dry air by accident when most of the excursions on |§entro_p|c surface_s aqd by transient fluctua-
moisture variability is at large spatial scales; such a prob ions in baroclinic eddies (e.g., midlatitude cycloneajher
lem should only smooth out any narrow bumps that mightthan by diabatic subsidence. This demands a different kind

lurk in the real distribution. It also seems unlikely to caus ©f conceptual model.

convergence of tropical and midlatitude distributiongpees Pierrehumbert et al. (2006) has explored such a model,
cially since midlatitude synoptic features should be cegitu ~ considering a parcel of air that executes an isentropiaand
better—but modeled worse—than those in the Tropics. Fiwalkinthe meridionaldirection, retaining a water vapoxmi
nally, a spurious collapse of the results toward the predict ing ratio equal to its lowest experienced saturation valoe.
scaling relationship would seem to be ruled out by the deOne arrangement, parcels are initially saturated and then d
viations from this relationship near the tropopause, wherglown through migration; this cannot be run to equilibrium

model assumptions break down. One feature more likely tdthe end result would bR = 0 for all parcels) but yields, af-
be affected, however, is bimodality. ter any finite time, a very broad lognormal distribution éos

to (6). A more realistic arrangement, numerically integdat
to steady state, featured remoistening of the parcels at one
boundary (the “tropics”); this yielded more air neRr0

Clouds should reduce the net radiative cooling and, thereand 1 than did the initial-value arrangement, but in any case
fore, w. Since “younger” air would be the cloudiest, Produced again a broad distribution.
this should reduce the apparent aging (drying) rate of the If either of these midlatitude idealizations had included
youngest air (Sherwood 1999). That in turn would lead tothe effects of baroclinic disturbances or moist convegtion
more near-saturated air than predicted with a constgpbs- ~ which can bring parcels quasi-randomly back to saturation
sibly producing a second moist “mode,” like the one foundwithout their having to change latitude, the results would u
by Zhang et al. (2003) in many (primarily in-situ) data sets.doubtedly have been closer to those of the diabatic model (6)
On the other hand, dynamically induced subsidence nedButthe results were not all that different anyway, whictnis t
convective centers could counteract this or even prodwee thlikely key to why the observed tropical and midlatitude dist

a. Bimodality and moist extremes
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butions both conform to (6): regardless of whether processethrough changes in producing a smooth trend toward drier
are diabatic or adiabatic, the temperature-of-last-atitm  or moister values.

assumes a probability distribution that decays roughly ex-  Since the drying rate should already be well captured
ponentially with depression below the current temperaturepy existing climate models, the main uncertainty in cliroati
The broad distribution characterized by (6) may arguablychangesirk comes from possible changes in the mean parcel
be regarded, therefore, as a general result of the advectioger,,;.;. Greenhouse trapping of water vagdand parcel
condensation paradigm. Specific evidence in support of th@get are each logarithmic ifR and hence approximately
diabatic version of this, at least for the tropics, lies ig.Fd.  |inearly related; from (3), witt in “log-humidity” units,

t

5. Conclusion G=Go— .
TDry

Satellite limb observations of relative humidity obey the Averaging over parcels and using the definition ef,;
remarkably simple, universal fornPg (R) o R"~! pre- yieldsg 9 P 9 oist

dicted by considering a stochastically remoistened, subsi ATnois 1 Ao

ing air parcel. This is a simplified idealization of tropi- A(G) = ——t = —— 2okt

cal behavior, but a non-subsiding air parcel meandering on ry " TMoist

an inclined isentropic surface (an idealization of the aixtr if parcel lifetime changes. However, it follows from our
ropics with a tropical boundary) has been shown elsewheréeéfinition of G that p

to produce similar results. These may be regarded as two aq =Y

limiting cases of the advection-condensation paradigm for q

free-tropospheric moisture: real behavior at any latiwidle ~ for a uniform rescaling of humidity. A 1C atmospheric
be some mixture of them. Our evidence shows that thigvarming would cause dgq/q of about 10% in saturated
paradigm is well supported in both the tropics and midlat-conditions, and according to our model all humidities would
itudes. Also, we find that very dry air is not limited to increase in the same proportiorriftayed constant. Putting
the subtropics but is equally prevalent in midlatitudese Th the last two results together, and noting that in most of the
advection-condensation paradigm predicts this dry aiiget ~ free troposphere ~ 0.4, we find that the moistening caused
its moisture to temperatures elsewhere in the atmosplmere, i by a 1 C warming could be radiatively negated (or doubled)
dicating that it will be governed by the Clausius-Clapeyronby a 4% increase (or decrease)fioist! We conclude
relation to the same degree as moisture in nearly saturatefat parcel lifetimes must be simulated precisely for water
regions. The absence of a role in the model for cloud physicyapor’s radiative effects to be well knowny,ist’s climate
argues against this having any important impact on wateglependence would not have to be severe to significantlytaffec

vapor levels, other than indirectly through any effect iyma the strength of the water-vapor feedback. This calls into
have on cloud radiative forcing and winds. guestion the reliability of water vapor feedback in GCMgwit

foarse grids. On the other hand, recent global simulations
at decidedly non-coarse 3.5 and 7 km resolutions (Miura
et al. 2005) yielded an overall feedback similar to that of
coarser models, suggesting that parcel age may indeed be
climate-insensitive. Future work should focus on testhig t
proposition further.

The simple distribution derived here has a straightforwar
physical interpretation applicable in the Tropics. Thatige
humidity of air is a direct measure of its “age,” or time siiitce
was saturated. The powers a ratio of a drying timep,, to
the mean agey.ist- The dryingtime is determined by the at-
mospheric sounding and radiative transfer; its variatidh w
height leads to the observed humidity minimum near 400
hPa. The mean age is not predicted here but is empirically Acknowledgments.Many thanks to A. Dessler and J.
about a week at all altitudes. This height-invariance makegliang for providing the UARS MLS data, to Chi Ao for
sense since parcel age is controlled by horizontal tratsporperforming the diffraction correction, and to Ron Mastaler
which occurs primarily through nearly barotropic featuses ~ for processing the GPS data. This work was supported by
the wind field that should affect all heights similarly. Near NSF grant ATM-0134893.
the tropopause, our simple model unsurprisingly begins to
overestimate moisture because the emergent role of in-situ REFERENCES
dehydration in cirrus clouds is neglected. High moisture
there results from decreasing subsidence rates, as ceuclud upon the temperature of the grourRhil. Mag, 41, 237—276.

in earlier work. . o ] Dessler, A. E., and S. C. Sherwood, 2000: Simulations ofitedp
The fact that a simple distribution form is found through  ypper tropospheric humidity.J. Geophys. Res.-Atmp<.05,

most of the free troposphere suggests that the form will re- 20,155-20,163.
main constant through modest climate changes. This mearslikins, 1., K. K. Kelly, and E. M. Weinstock, 2002: A simple
that the entire distribution dR, if it shifts at all, will do so explanation for the increase in relative humidity betwedn 1

Arrhenius, S., 1896: On the influence of carbonic acid in tine a



10

and 14 km in the tropics.J. Geophys. Res.-Atmp4.07, art.
no.—4736.

Froidevaux, L., et al., 2006: Early validation analyses wh@&
spheric profiles from EOS MLS on the Aura satellittEEE
Trans. Geosci. Remote Sensitig Press.

Galewsky, J., A. Sobel, and |. Held, 2005: Diagnosis of safital
humidity dynamics using tracers of last saturatidnGeophys.
Res, 62, 3353—-3367.

Gettelman, A., et al., 2004: Validation of Aqua satellitéadiam the

upper troposphere and lower stratosphere with in situ afircr

instruments Geophys. Res. LetB1, L22,107.

Gierens, K., U. Schumann, M. Helten, H. Smit, and A. Marenco,
1999: A distribution law for relative humidity in the upper
troposphere and lower stratosphere derived from threesyafar

MOZAIC measurementsAnn. Geophysicad 7, 1218-1226.
Gorbunov, M., 2002:

dio occultation data in multipath zones.Radio Sci. 37,

d0i:10.1029/2000RS002,577.

Hajj, G. A., C. O. Ao, B. A. lijima, D. Kuang, E. R. Kursinski,

A. J. Mannucci, T. K. Meehan, and T. P. Y. L. J. Romans, M.

Radioholographic analysis of ra-

SHERWOOD ET AL.

Pierrehumbert, R. T., H. Brogniez, and R. Roca, 2006e Global
Circulation of the Atmospherehap. On the Relative Humidity
of the Atmosphere, Princeton.

Read, W. G, et al., 2001: UARS Microwave Limb Sounder upper
tropospheric humidity measurement: Method and validation
Geophys. Resl06 32,207-32,258.

Roca, R., J. P. Lafore, C. Piriou, and J. L. Redelsperger5:200
Extratropical dry-air intrusions into the West African nsmon
midtroposphere: An important factor for the convectivewatgt
over the Sahell. Atmos. Scj.62, 390-407.

Salatle, E. P., and D. L. Hartmann, 1997: A trajectory analysis of
tropical upper-tropospheric moisture and convectiblimate
10, 2533-2547.

Sandor, B. J., W. G. Read, J. W. Waters, and K. H. Rosenlo8:199
Seasonal behavior of tropical to midlatitude upper tropesic
water vapor from UARS MLSJ. Geophys. Resl03 25,935—
25,947.

Sherwood, S. C., 1996: Maintenance of the free-tropospheri
tropical water vapor distribution, Part 1l: Simulation kar¢e-
scale advectiond. Climate 9, 2919-2934.

de la Torre Juarez, 2004: CHAMP and SAC-C atmosphericSherwood, S. C., 1999: On moistening of the tropical trohesp

occultation results and intercomparisodsGeophys. Resl09
D06,109,d0i:10.1029/2003JD003,909.

by cirrus clouds.J. Geophys. Resl04, 11,949-11,960.
Sherwood, S. C., and K. Meyer, In Press: The general ciicalat

Held, I. M., and B. J. Soden, 2000: Water vapor feedback and and robust relative humidityl. Climate

global warming.Annu. Rev. Energ. Enviror25, 441-475.

Jensen, E. J., et al., 2005: Ice supersaturations exceddig at
the cold tropical tropopause: Implications for cirrus fation
and dehydrationAtm. Chem. Phys5, 851-862.

Kuo, Y.-H., T.-K. Wee, S. Sokolovskiy, W. S. C. Rocken, D. KHun

Soden, B. J., 1998: Tracking upper tropospheric water vapor
radiances: A satellite perspectivd. Geophys. Res103D),
17,069-17,080.

Soden, B. J., and F. P. Bretherton, 1993: Upper-tropospheri
relative-humidity from the GOES 6,/m channel—Method and

and A. Anthes, 2004: Errors based on comparisons of real GPS climatology for July 1987J. Geophys. Re®8, 16,669-16,688.

RO results with NWP forecasts and analysds Meteor. Soc.
Japan 82, 507-531.
Kursinski, E. R.,and G. A. Hajj, 2001: A comparison of wataper

derived from GPS occultations and global weather analy&es.

Geophys. Resl06 1113-1138.
Kursinski, E. R., G. A. Hajj, J. T. Schofield, R. P. Linfield,dan

Soden, B. J., and |I. M. Held, Submitted 2005: An assessment
of climate feedbacks in coupled ocean-atmosphere models.
Climate

Soden, B. J., R. T. Wetherald, G. L. Stenchikov, and A. Robock
2002: Global cooling after the eruption of Mount Pinatubo: A
test of climate feedback by water vap8cience296, 727-730.

K. R. Hardy, 1997: Observing Earth's atmosphere with radioSoden, B. J., D. D. Turner, B. M. Lesht, and L. M. Miloshevich,

occultation measurements using the Global Positioningegys
J. Geophys. Resl02 23,429-23,465.
Kursinski, E. R., et al., In preparation:
RO-derived tropospheric refractivity and humidity.

Lanzante, J. R., and G. E. Gahrs, 2000: The "clear-sky bifis" o

TOVS upper-tropospheric humidity. Climate 13, 4034—4041.
Mapes, B. E., 2001: Water's two height scales: The moistdia
and the radiative troposphereQ. J. R. Meteorol. Soc127,

2353-2366.

Miura, H., H. Tomita, T. Nasuno, S. Iga, M. Satoh, and T. Matsu
2005: A climate sensitivity test using a global cloud reguiv
model under an aqua planet conditidgdeophys. Res. LetB2,
L19,717, doi:10.1029/2005GL023,672.

Pierrehumbert, R. T., 1995: Thermostats, radiator fins, thed
local runaway greenhousé. Atmos. Scj52, 1784-1806.

Pierrehumbert, R. T., and R. Roca, 1998: Evidence for cbofro
atlantic subtropical humidity by large scale advectiGeophys.
Res. Lett.25, 4537-4540.

The accuracy of GPS

2004: Ananalysis of satellite, radiosonde, and lidar olzg@ns
of upper tropospheric water vapor from the Atmospheric Radi
ation Measurement Program.. Geophys. Resl09 D04,105.

Soden, B. J., D. L. Jackson, V. Ramaswamy, M. D. Schwarzkopf,
and X. L. Huang, 2005: The radiative signature of upper tropo
spheric moisteningScience310, 841-844.

Spencer, R., and W. D. Braswell, 1997: How dry is the tropical
free troposphere? Implications for global warming the@uwil.
Am. Meteorol. So¢78, 1097-1106.

Spichtinger, P., K. Gierens, and W. Read, 2002: The stzisti
distribution law of relative humidity in the global tropapse
region. Meteorologische ZeitschrifL1, 83-88.

Steiner, A. K., and G. Kirchengast, 2005: GPS RO errorstacyu
based on simulations. J. Geophys. Res.110, D15,307,
doi:10.1029/2004JD005,251.

Tompkins, A. M., 2002: A prognostic parameterization foe th
subgrid-scale variability of water vapor and clouds in éarg
scale models and its use to diagnose cloud cavektmos. Sci.

59, 1917-1942.



HUMIDITY DISTRIBUTION LAW 11

Tuck, A. F., S. J. Hovde, K. K. Kelly, M. J. Mahoney, M. H. Prifi file retrieval with AIRS data and validation at the ARM CART
E. C. Richard, and T. L. Thompson, 2003: Exchange between site. Adv. Atmos. Sci22, 647—654.
the upper tropical troposphere and the lower stratosphedéesl ~ zhang, C., B. E. Mapes, and B. Soden, 2003: Bimodality of

with aircraft observations). Geophys. Resl08 4734. tropical upper tropospheric humidityQ. J. R. Meteorol. Soc.
Waters, J. W,, et al., 2006: The earth observing system mare 129 2847-2866.

limb sounder (EOS-MLS) on the Aura satellit¢EEE Trans. ——

Geosci. Rem. Sendn Press. Printed May 8, 2006.

Wu, X. B., J.Li, W.J. Zhang, and F. Wang, 2005: Atmosphera pr



