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Seasonal behavior of tropical to midlatitude upper
tropospheric water vapor from UARS MLS

Brad J. Sandor,!'? William G. Read,! Joe W. Waters,' Karen H. Rosenlof?

Abstract. Measurements of upper tropospheric water vapor made during 1991-
1997 with the Microwave Limb Sounder instrument on the Upper Atmospheric
Research Satellite are described. Zonal mean results versus day of year are
presented for tropical to midlatitudes on pressure surfaces 316, 215, and 147
hPa. The latitude of greatest upper tropospheric humidity (UTH) varies with
season, following the Intertropical Convergence Zone. Annual maximum UTH
occurs in northern summer at north tropical latitudes, coincident with the Indian
monsoon and with a June-August maximum of water vapor transport to the lower
stratosphere [Rosenlof et al., 1997]. Comparison with lower stratospheric studies
supports the Rosenlof et al. [1997] conclusion that water vapor transport is a
maximum from the summer northern hemisphere tropical troposphere. Seasonally
adjusted UTH is higher in the northern hemisphere than at equivalent southern
hemisphere latitudes. The midlatitude secondary maximum in relative humidity
seen in other (lower altitude) data sets is seen on the 316 hPa surface throughout
the year, only in northern hemisphere spring-summer at 215 hPa, and does not
occur at 147 hPa. These observations characterize seasonal and interhemispheric
differences in strengths of midlatitude convection and of subtropical subsidence.
Frequency distribution analysis of tropical measurements shows the peak (mode)
of the frequency distribution to be much drier than mean and median values at
316 and 215 hPa and marginally drier than mean and median values at 147 hPa.
The frequency distribution mode is drier in the tropical wet than in the dry season
at 316 hPa, consistent with other data sets at 300-500 hPa [Spencer and Braswell,
1997; Chiou et al., 1997] but is wetter in the tropical wet than in the dry season at
215 and 147 hPa. The wettest values of the frequency distribution mode occur in

April-May, corresponding to neither the tropical wet nor the dry season.

1. Introduction

Upper tropospheric humidity (UTH) is of fundamen-
tal importance in understanding the Earth’s atmosphere
and climate. Water vapor is the most important green-
house gas [Manabe and Wetherald, 1967; Jones and
Mitchell, 1991], and it is in the upper troposphere that
water vapor most strongly influences radiative forcing
[Udelhofen and Hartmann, 1995]. Surface warming due
to anthropogenic increases in CO5 and other greenhouse
gases is expected to occur with relative humidity re-
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maining approximately constant, implying an increase
in absolute humidity and consequent positive feedback
to global warming [Manabe and Wetherald, 1967]. A
representative modeling result [Rind et al., 1991] is that
water vapor feedback contributes ~40% of the global-
average surface temperature increase in a doubled-CO2
climate. An alternative scenario has been proposed
[Lindzen, 1990] in which the increased convective activ-
ity due to CO4 warming will dry the upper troposphere
by shifting detrainment of air from convective plumes
to a higher (colder) altitude. Because it is colder, the
detrained air which spreads laterally through the up-
per troposphere would then be drier than without in-
creased CO2 abundance. The [Lindzen, 1990] scenario
would thus provide a negative feedback to global warm-
ing. Satellite solar occultation observations of higher
zonal mean summer than winter UTH values have been
cited as evidence that enhanced convection moistens the
upper troposphere [Rind et al., 1991]. However, Pierre-
humbert [1995] has argued that because of the nonlinear
dependence of outgoing longwave radiation (OLR) on
UTH, zonal mean UTH is less important for radiative
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forcing than the dryness of and prevalence of the dri-
est tropical UTH values. The importance of this issue
is emphasized by observations of tropical 300-500 hPa
UTH which show that the peak (mode) of the UTH fre-
quency distribution is drier during the time of strongest
tropical zonal mean convection (July) than the time
of weakest tropical zonal mean convection (January)
[Spencer and Braswell, 1997; Chiou et al., 1997]. De-
spite the importance of UTH, uncertainties in current
values lead to uncertainties in calculated outgoing in-
frared flux from the troposphere comparable in magni-
tude to the change in outgoing IR flux calculated for
a doubled-CO, atmosphere [Gutzler, 1993]. Accurate

measurements of upper tropospheric humidity are im-’

portant for assimilation into and validation of global
climate models, both to understand the current climate
and to predict correctly climate change.

Accurate measurements of upper troposphere water
vapor are also important for understanding exchange
between the troposphere and the stratosphere [Holton
et al., 1995]. Transport of tropospheric water vapor to
the lower stratosphere and oxidation of methane in the
stratosphere are the dominant sources of water to the
stratosphere, where it participates in ozone destruction
both after freezing to form polar stratospheric clouds
and after photochemical conversion to OH.

Microwave Limb Sounder (MLS) [Barath et al., 1993;
Waters, 1993] has unique capabilities for measurement
of UTH [Read et al., 1995]. Its limb-sounding geometry
and wavelengths of observation allow retrieval of water
vapor abundance at the pressure levels 147, 215, 316
and 464 hPa, a subset of the standard UARS “level 3”
profile surfaces. (Standard UARS level 3 surfaces are
pressure levels for which pressure is P = 1000. x 10~N/6
and integer values of N.) The UTH inversion problem is
very nonlinear, and the estimated uncertainty and ver-
tical resolution depend on the water vapor profile. Limb
sampling is about 3 km and correlation length about 4
km in the troposphere, which gives typical single-profile
absolute uncertainties of 20% (8 ppmv), 20% (25 ppmv),
and 20% (125 ppmv) for the 147, 215, and 316 hPa lev-
els, respectively, in units of relative humidity with re-
spect to ice (and volume mixing ratio). Uncertainties
in UTH averages over many profiles are much smaller,
as indicated below by comparisons with other data sets
in their regions of overlap. Single-profile measurement
precision is better than 5% in relative humidity units.
MLS altitude registration in the upper troposphere is
better than that of nadir-sounding instruments, such as
the TIROS operational vertical sounder (TOVS) mea-
surements in broad pressure regimes 200-500 hPa, 300-
700 hPa, and 600-1000 hPa [Soden and Bretherton,
1996]. MLS observations are less sensitive to interfer-
ence by cirrus cloud and aerosol than observations at
infrared and visible wavelengths. They also have bet-
ter latitude coverage and more frequent observations
than occultation experiments such as the Stratospheric
Aerosol and Gas Experiment II (SAGE II) [Larsen et
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al., 1993; Chiou et al., 1997]. Regular in situ humidity
measurements are made from operational radiosondes
[Peizoto and Oort, 1996] but are usually restricted to
pressures greater than 300 hPa by instrumental limita-
tions and are sparse in remote oceanic regions. Advan-
tages of high vertical resolution, near global coverage
with 1300 profiles per day, and relative insensitivity to
aerosol (cirrus and volcanic) contamination make MLS
a valuable new system for measuring UTH. '

MLS UTH initial observations and retrieval tech-
niques are described by Read et al. [1995], who also
present preliminary scientific results at 215 hPa. Read
et al. [1995] demonstrate the usefulness of MLS UTH
observations for measurements of zonal mean behavior,
tracking large-scale weather systems, and mapping sea-
sonal behavior on 4°x 4° horizontal scales. A more
detailed study of 215 hPa zonal mean behavior is pre-
sented by Elson et al. [1996], in parallel with a similar
study of stratospheric water vapor. Stone et al. [1996]
present a case study of baroclinic wave activity from its
signature in the 215 hPa MLS UTH data.

In the current study, initial results of an improved re-
trieval scheme for MLS UTH are described. Zonal mean
global MLS UTH measurements from a 5 year data set:
are analyzed for seasonal variability on 316, 215, and
147 hPa pressure surfaces and tropical to midlatitudes
and discussed in the context of lower-altitude TOVS
[Soden and Bretherton, 1996] and higher-altitude Halo-
gen Occultation Experiment (HALOE) [Rosenlof et al.,
1997] data. Monthly frequency distributions of UTH
values are presented for 30°S-30°N on these pressure
levels and compared with lower-altitude UTH frequency
distributions [Spencer and Braswell, 1997; Chiou et al.,
1997].

2. Observations

The initial MLS UTH retrieval described by Read et
al. [1995] has been improved by using better charac-
terization of the dry and wet absorption continua, and
including field of view and refractive effects, combined
with an iterated optimal estimation retrieval. This new
retrieval (W.G. Read et al., manuscript in preparation,
1998), which has produced the MLS Version 4 data
product for public use, provides UTH on 464, 316, 215,
and 147 hPa pressure surfaces. (“Version 4” is the most
current and best data set for all MLS-measured geo-
physical parameters.) Figure 1 shows the nearly linear
plus bias relationship, on each of four pressure surfaces,
between Version 4 UTH data and UTH values obtained
with the Read et al. [1995] preliminary retrieval. The
functions shown in Figure 1 are best fits to scatterplots
of Version 4 data versus preliminary [Read et al., 1995]
data, obtained from a-profile-by-profile comparison be-
tween Version 4 and preliminary values for 62 days of
data (21 days in June 8 to July 3, 1994; 32 days in
November 25, 1995 to March 1, 1996, and 9 additional
days distributed through 1991-1995) and are valid for
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Plate 1. Relative humidity with respect to ice on pressure surfaces at (a) 147, (b) 215, and (c)
316 hPa as measured with the UARS MLS instrument. An 8 day Gaussian smoothing has been
applied to suppress short-term variability and data from September 1991 to June 1997 averaged
to determine mean seasonal behavior. The 1991-1997 average most strongly represents the first
half of this time period, due to the decrease in measurement frequency associated with increasing

age of UARS.
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Plate 1.

UTH mixing ratios <500 ppmv. No latitude depen-
dence has been found to the relationships shown in Fig-
ure 1.

At 147 and 464 hPa the new Version 4 UTH val-
ues are always drier than those presented in previously
published MLS studies. At 215 and 316 hPa, Version 4

Version 4 v
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Figure 1. Relationship between the updated Version
4 MLS UTH retrieved values and MLS UTH retrieved
with the preliminary algorithm [Read et al., 1995]. The
functions are piecewise linear best fits to scatterplots of
Version 4 versus preliminary [Read et al., 1995] values
for each pressure level.

A

(continued)

UTH values are drier than preliminary values for mixing
ratios less than 220 ppmv and moister than preliminary
values for mixing ratios greater than 220 ppmv. This is
consistent with conclusions of Newell et al. [1996] that
MLS UTH values from the preliminary retrieval were bi-
ased wet relative to simultaneous in situ measurements
made from a DC-8, with largest discrepancies at small-
est mixing ratios. Because there is a piecewise linear re-
lationship between previous and current retrievals and
because the current values are strictly increasing with
increasing preliminary values (Figure 1), previous con-
clusions based on relative UTH values remain valid. For
example, 80-90 ppmv measurements presented by Stone
et al. [1996] at 40°-60°S latitude and 215 hPa should be
revised downward to ~25-35 ppmv, a factor of 3 reduc-
tion, but the wave pattern Stone et al. [1996] analyze
is maintained.

The Version 4 standard MLS UTH product is in
units of relative humidity with respect to ice (RHI).
The data discussion below is also primarily in terms
of RHI, with conversion from mixing ratio units done
using National Meteorological Center (NMC) temper-
ature values, which are placed in the MLS data files
at the standard UARS pressure levels [Fishbein et al.,
1996]. Presentation of data in units of relative humidity
has the following advantages: (1) There is immediate
physical meaning in terms of the relationship between
vapor and ice. Retrieved values above 100% indicate
the likely presence of cirrus cloud. (2) RHI values are
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easier to quickly compare with traditional tropospheric
data sets such as those from sondes and IR satellites.
(3) Because relative humidity changes more slowly with
altitude than the mixing ratio, interpolation between
measurements in RHI units provides a more accurate
profile shape. '

RHI units are most appropriate for low and midlati-
tudes but for the MLS retrieval have the disadvantage
of deemphasizing latitudes higher than ~50°, where all
three pressure surfaces are usually in the lower strato-
sphere [Holton et al., 1995; Appenzeller et al., 1996].
Retrieved HoO mixing ratios in these regions are very
low, and the dependence of mixing ratio on altitude
is relatively weak, consistent with stratospheric behav-
ior. In the present work, zonal mean relative humidities
less than ~5% are not discussed, and this is the deter-
mining factor in the high-latitude cutoffs of the data
presentation. In cases involving high-latitude studies,
mixing ratio units may be preferred. Mixing ratio or
relative humidity with respect to liquid (RHL) are pre-
ferred when making comparison with data sets reported
in those units and are readily obtained from MLS RHI
values with use of coincident temperatures.

As a preliminary validation of the MLS data, Figures
2 and 3 present comparisons with balloon sonde [El-
liott and Gaffen, 1991; Larsen et al., 1993] and SAGE
I1 [Chiou et al., 1997] data, respectively. Sonde mea-
surements are from a global network of 2-4 times daily
balloon launches at land-based meteorological stations.
Figure 2 presents the average of MLS and sonde mea-
surements from the the same 62 days used to derive

Sonde vs MLS
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Figure 2. Comparison of average results of coincident
balloon sonde and MLS UTH determinations from the
same 62 days used to establish the relationships in Fig-
ure 1. Each point shown is the average of measurements
meeting coincidence criteria (see text) within a 20° lat-
itude range. For latitude bins 40°S-20°S, 20°S-0°, 0°-
20°N, and 20°N-40°N the numbers of coincidences are
20, 5, 28, and 52, respectively.
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the functions shown in Figure 1, where MLS and sonde
measurements are coincident within 2° latitude, 2° lon-
gitude, and 3 hours time. MLS-retrieved values greater
than 100% (which occur only in the 0°-20°N, 147 hPa
bin of Figure 2) have been set to 100% for comparison
as a way to account for ice contamination. Sonde mea-
surements are least accurate in the cold, dry conditions
typical of the upper troposphere and display system-
atic biases among instrument types. To minimize these
problems, Figure 2 includes sonde data from a single in-
strument type, the thin film capacitor, chosen because
it is the instrument type most reliable in the upper tro-
posphere [e.g., Larsen et al., 1993]. Figure 2 shows MLS
to be consistently drier than sonde measurements at 316
and 464 hPa. Sensitivity studies to date indicate that
the MLS relative humidity values should be accurate .
to 20% or better, with individual profile measurement
precision better than 5%. (See section 1 for more de-
tailed discussion of measurement uncertainty.) At 147
and 215 hPa the sonde and MLS measurements display
no systematic offset. MLS measurements reflect con-
ditions along the ~100 km line of sight, while the in
situ sonde measurements sample a very small volume
of air, and the MLS versus sonde coincidence criteria
allow measurement separations that are large relative
to true atmospheric variability, which lead to a large
range of point-by-point differences between MLS and
sonde measurements.

Figure 3 compares zonal mean seasonal UTH mea-
surements between SAGE II [Chiou et al., 1997] and
MLS. The SAGE II data are from a 5.5 year measure-
ment period ending in May 1991, prior to the eruption
of Mount Pinatubo. Sulfate aerosol from that erup-
tion interferes with later SAGE II measurements. The
MLS values, which are not sensitive to volcanic aerosol,
are from the period September 1991 (start of mission)
to June 1997 (date of battery failure and consequent

pointing degradation due to insufficient power to op-

erate the 63 GHz radiometer). Zonal mean UTH is
higher in the MLS than the SAGE II data, with biggest
differences at the highest mixing ratios. This is consis-
tent, because MLS measurements are taken even in the
presence of cirrus clouds, while SAGE II measurements
represent only cases under clear-sky situations. MLS
data in Figure 3 reflect seasonal movement of the zonal
mean Intertropical Convergence Zone (ITCZ), in that
highest mixing ratios are north of the equator in JJA
and south of the equator in DJF. SAGE II does not
clearly show this ITCZ behavior.

In section 3, MLS UTH zonal mean seasonal behavior
is presented and discussed in relation to results derived
from infrared nadir-looking observations made with the
TOVS [Soden and Bretherton, 1996] and with in situ
balloon-borne measurements [Peizoto and Oort, 1996],
each most accurate at altitudes below those sampled
with MLS. MLS data are consistent with these mea-
surements and extend them to higher altitudes where
water vapor behavior is qualitatively different. We
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ity analysis. Plate 3 shows absolute humidity (mixing
ratio) at 147 hPa. Similar high-latitude asymmetry in
UTH has been reported [Kelly et al., 1991], though the
mechanisms underlying hemispheric asymmetry at high
and low latitudes may be quite different.

Plates 2a and 2b present RHI values as a function
of day of year and altitude, for 5°-10°N and 5°-10°S
latitude, respectively. It is clear that for these latitude
bins the southern hemisphere is drier than the north-
ern hemisphere at seasonally equivalent dates. Plate
2a displays two 147 hPa maxima, in May-June and in
October-November, separated by a strong minimum in

February and a weaker minimum in August.

Within the ITCZ, maximum relative humidity val-
ues on the 215 and 316 hPa surfaces (Plates 1b, 1c)
occur in July at 5°-15°N; in agreement with the So-
.den and Bretherton [1996] 500-200 hPa result. At 147
hPa (Plate 1a) the RHI maximum in the ITCZ is less
well defined, extending from April to November. UTH
mixing ratio maxima are in the ITCZ during May to
August on all three pressure surfaces. Plate 3 for ex-
ample, shows mixing ratios at 147 hPa, with maxi-
mum values in May-August at the latitude of the ITCZ.
This agrees with the [Newell et al., 1997] conclusion
from the preliminary MLS- UTH retrieval [Read et al.,
1995] that UTH is an overall maximum in July-August,
associated with the intense Indian monsoon moisture
plume. North of 15°N, maximum 147 hPa RHI oc-
curs in July.  South of the equator, maximum 147 hPa
RHI occurs in January to February. Thus at subtrop-
ical to midlatitudes in both hemispheres the 147 hPa
water vapor maxima occur about a month after sum-
mer solstice. This is in contrast to the behavior in
the lower stratosphere where the subtropical water va-
por maximum in both hemispheres occurs during the
June-August period; a consequence of the annual cy-
cle in tropical tropopause temperatures [Mote et al.,
1996]. However, the 147 hPa behavior is consistent
with the Rosenlof et al. [1997] hemispheric asymmetry
analysis which showed more water being pumped into
the northern hemisphere summer stratosphere (June-
August, tropical wet period) than into the southern
hemisphere summer stratosphere (December-February,
tropical dry period). The Rosenlof et al. [1997] pre-
sentation of HALOE water vapor [Russell et al., 1993;
Harries et al., 1996] on the 390 K potential temper-
ature surface (~100 hPa) shows maximum mixing ra-
tios in July to August for 10°-50°N but in October to
November for 10°-50°S. In the tropical northern hemi-
sphere the maximum in stratospheric water vapor (seen
in HALOE data) occurs about a month after maximum
in UTH (seen in MLS data). In the tropical southern
hemisphere the maximum in stratospheric water vapor
occurs 10 months after the maximum in UTH, while
the minimum in southern hemisphere stratospheric wa-
ter vapor occurs 1-2 months after the southern hemi-
sphere UTH maximum. Thus seasonal HoO maxima in
the upper troposphere and lower stratosphere are nearly
simultaneous at north tropical latitudes but well sepa-
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rated in time at south tropical latitudes. These ob-
servations support the idea that the lower stratosphere
is supplied with water directly from the upper tropo-
sphere in the northern hemisphere during summer but
not in the southern hemisphere. The maximum entry of
tropospheric water vapor to the stratosphere occurs at
the time of maximum tropical tropospheric water mix-
ing ratios, as well as at the time of maximum tropical
tropopause temperatures [Mote et al., 1996].

Throughout the year the TOVS nadir-sounding data
[Soden and Bretherton, 1996] display 200-500 hPa UTH
maxima at the ITCZ and at midlatitude storm tracks,
with intervening subtropical minima 20°-30° north and
south of the ITCZ. MLS measures similar subtropical
minima in RHI (Plate 1), located 20°-30° north and
south of the ITCZ on the 316 and 215 hPa pressure
surfaces. This structure is prevalent through the year
at 316 hPa and distinct at 215 hPa only in the north-
ern hemisphere during May-August. It is not seen at
147 hPa, where RHI decreases monotonically with lat-
itude from the ITCZ to midlatitudes throughout the
year. The qualitative agreement between UTH behav-
iors seen in TOVS 200-500 hPa data and MLS 316
hPa data provides some validation of each measure-
ment system. The MLS data at 215 and 147 hPa
depict a transition away from lower-altitude behav-
ior. The absence of a subtropical minimum at 147
hPa suggests the zonal mean midlatitude convection
is not deep enough to produce a secondary maximum
in UTH. The seasonal behavior at 215 hPa suggests
midlatitude convection is strong enough to produce a
secondary UTH maximum only during northern hemi-
sphere spring-summer, in association with the seasonal
maximum in solar heating. The stronger northern than
southern hemisphere midlatitude secondary maximum
is consistent with the stronger convection associated
with northern hemisphere landmasses, the same reason
the northern hemisphere UTH values are higher than
those south of the equator. Northern hemisphere sum-
mer corresponds to the tropical wet period, and the
presence of a subtropical RHI minimum in May-August
may be enhanced by subsidence driven by the maximum
in tropical upwelling. In contrast to the relative-humid-
ity behavior, absolute humidity (mixing ratio) is strictly
decreasing with latitude away from the ITCZ maximum
on all three pressure surfaces at all times of the year (e.g.
Plate 3), consistent with the 215 hPa absolute humidity
analysis of Elson et al. [1996]. This illustrates an im-
portant point that qualitative statements about UTH,
such as timing and location of maximum values, are of-
ten dependent on whether relative humidity or mixing
ratio units are used.

4. Frequency Distribution of Tropical
Humidity
To understand the influence of UTH on OLR, it is

important to measure not only the zonal mean values
discussed above but also the frequency distribution of



25,942

SANDOR ET AL.: UPPER TROPOSPHERIC WATER VAPOR

30S—30N Frequency Distribution

Jan Feb Mar Apr
5000 ﬁ?z B 15000 e 5000 5000
...~ 215 hPa
4000 - 2518 e 4000 o 4000 4000 n
3000f ', 3000} 1 3000}, 3000
L L
2000¢ . ", 2000} 4 2000 2000
Y 3 ohy JERRE o
1000 | 1000 m 1000 : 1000 ¢
of .. >3 ob. =2 o0 g ol e D]
0 20 40 60 80 100 0O 20 40 60 80 100 O 20 40 60 80 100 O 20 40 60 80 100
May June : July Aug
5000 ——"""15000 — 5000 F— 5000~ -
4000 4000 i) 4000} 4000
- L
3000 3000¢ | 30001 1 3000}
1 L
2000f 2000} 1, 2000} 2000},..-}
1000 1000 | =70 1000f 1000
ok _. RS | A ok . of . -
0 20 40 60 80 100 O 20 40 60 BO 100 0 20 40 60 80 100 O 20 40 60 80 100
Sept Oct Nov Dec
5000 - 5000 A 5000 ; 5000
4000 I"., 4000 1 4000} " 40001
30008 | s000) ', 3000 1, 3000f |
2000} . ..! 2000} ., 2000 -3, 2000} .-,
1000 1000 {1000 ~n{ 1000} S,
0 . rr o 0 ‘l“.:\: 0 \. ot e

0 20 40 60 80 100 O 20 40 60 80 100

0 20 40 60 80 100 O 20 40 60 80 100

RH wrt ice (%)

Figure 4. Monthly (1991-1997) frequency distributions for MLS measurements of 30°N-30°S

RHI.

UTH abundances. Because of the nonlinear dependence
of OLR on UTH the driest tropospheric regions act
as “radiator fins” [Pierrehumbert, 1995] where much of
the tropical radiative heat loss to space occurs. Un-
derstanding these driest regions, and in particular pre-
dicting their response to increasing CO2 abundances,
is important for determining the relative roles of radia-
tive cooling to space and meridional transport to mid-
latitudes as mechanisms for heat loss from the trop-
ics. Spencer and Braswell [1997] present such a relative
humidity frequency analysis, based on data from the
SSM/T-2, a satellite-borne nadir-looking microwave in-
strument. SSM/T-2 has three water vapor channels,
with broad altitude weighting functions similar to those
of the TOVS IR nadir-sounder discussed above. The
three channels of SSM/T-2 are sensitive to water vapor
for altitude regimes at 250-450 hPa, 350-600 hPa, and
400-750 hPa in wet conditions and altitudes at ~100
hPa higher pressures under dry conditions. Spencer and
Braswell [1997] perform a frequency analysis showing
peaks (mode values) in the 300-500 hPa, 30°S-30°N,
RHL distribution at 9% and 6% in January and July
1994, respectively; that is, the peak in (mode of) the
tropical RHL frequency distribution is drier during the
tropical wet than dry season. The SSM/T-2 30°S-30°N

data show frequency peaks at about RHL=11% for 400-
650 hPa and 20% for 450-800 hPa, with no clear differ-
ence between January and July peaks. Chiou et al.
[1997] present a similar frequency analysis, comparing
SAGE II data for DJF with JJA for 300 hPa, albeit at
lower RHL resolution (~5%) than that of the SSM/T-2
analysis (1%). Equatorward of 30°, the SAGE II fre-
quency distribution peak is at 10% in DJF, and 7.5%
in JJA, similar to the SSM/T-2 January versus July
300-500 hPa result.

Figure 4 shows the monthly frequency distributions
of MLS RHI values for latitudes 30°S-30°N. Values are
from the years 1991-1997, and total number of measure-
ments varies from month to month. The sharp peaks
in the 316 and 215 hPa frequency distributions are nec-
essarily made less sharp by random error in MLS mea-
surements, as they would be by any other measurement
system. The large number of occurrences of low relative
humidities are spread by random error into a Gaussian
envelope. For this reason and because the sharp peaks
in the 316 and 215 hPa frequency distributions are at
such low relative humidities, it is likely that the true
number of values in the driest (0% to 2%) histogram
bins shown in Figure 4 is smaller than the measured
number of values in this bin. Figure 5 shows mean, me-
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 Plate 3. Same data as Plate la but in mixing ratio units. Note that maximum in mixing ratio
units occurs in May-August, while maximum in RHI units occurs throughout the year.

dian, and mode values versus month of year for RHI
at 30°S-30°N latitude determined from the MLS mea-
surements at 147, 215, and 316 hPa. Mean values for
this latitude range are lowest at 316 hPa, highest at 147
hPa, and monthly mean values vary by less than 10%
from the annual mean at each pressure level. Monthly
median values follow a similar pattern. Monthly mode
values are more variable, ranging from 25% to 59% at
147 hPa and from 7% to 21% at 215 hPa. The general
shape of the 316 and 215 hPa MLS UTH frequency dis-
tributions is similar to that seen in the SSM/T-2 data
[Spencer and Braswell, 1997] and SAGE II [Chiou et
al., 1997] data, in that the mode values are significantly
drier than the mean and median. At 147 hPa this is
less distinct, with monthly mode values smaller than
mean and median values for only 9 months of the year.
Spencer and Braswell [1997] show mode values in the
frequency distributions for January and July 1994 to
become drier with increasing altitude up to their high-
est (300-500 hPa) altitude bin. MLS UTH values show
the reverse trend from 316 to 147 hPa (Figure 5¢); mode
values increase with altitude.

Values of the frequency distribution mode for 30°S-
30°N at comparable altitudes are similar among the
tropical wet (JJA) versus dry (DJF) period analyses of
SSM/T-2 [Spencer and Braswell, 1997], SAGE II [ Chiou
et al., 1997], and MLS [this work] data. SSM/T-2 300-
500 hPa data show RHL modes of 6% in July and 9%

in January; MLS 316 hPa data show RHL modes of 3%
in July and 5% in January. SAGE II 300 hPa data (re-
ported on a 5% grid) have-modes 7.5% in JJA and 10%
in DJF; MLS 316 hPa RHL have modes 3% in JJA and
5% in DJF. Like SSM/T-2 [Spencer and Braswell, 1997
and SAGE II [Chiou et al., 1997] data, MLS data show
a drier mode during the tropical wet period than the
dry period at 316 hPa. This agreement provides some
validation of the three data sets.

We have extended the MLS analysis to higher alti-
tudes and throughout the year. The increase with al-
titude of RHI mean, median, and mode values above
316 hPa parallels the behavior of the mean reported in
other studies [e.g., Newell et al., 1997, their Figure 5].
This can be understood in the context that high rela-
tive humidities occur near the tops of convective sys-
tems, which for strong tropical systems could be near
147 hPa, and subsidence to lower altitudes decreases
relative humidity below the convective canopies due to
adiabatic warming.

While the mode value at 316 hPa is drier in the trop-
ical wet period than in the dry period (RHI= 5% in
JJA, 7% in DJF), Figure 5c shows the reverse is true at
215 hPa (RHI= 18% in JJA, 12% in DJF) and at 147
hPa (RHI= 47% in JJA, 27% in DJF). At 215 and 147
hPa the mode is wetter in the tropical wet period than
in the dry period.

Figure 5c shows that for all three pressure levels the
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Figure 5. Monthly variation of the (a) mean, (b) me-
dian, and (c) mode of the frequency distributions shown
in Figure 4. RH is with respect to ice. The solid his-
togram indicates MLS values at 147 hPa, the dotted
histogram indicates MLS values at 215 hPa, and the
dashed histogram indicates MLS values at 316 hPa. Di-
amonds indicate mode values from SAGE II at 300 hPa
[Chiou et al., 1997], and triangles indicate mode values
at 300-500 hPa from SSM/T-2 [Spencer and Braswell,
1997). .

MAM period also has maximum monthly mode values.
At 316 hPa the wettest monthly mode value occurs in
April. At 215 hPa, maximum monthly mode values oc-
cur in May and August. At 147 hPa, maximum monthly
mode values occur in April and July. The high mode
values in April and May may be associated with the
annual maximum in lower-altitude meridional conver-
gence of water vapor that occurs in April [Rasmusson,
1972]. Newell et al., [1997] have discussed this merid-
ional convergence in the context of longitudinally re-
solved monthly mean MLS water vapor measurements.
Because MAM corresponds to neither the tropical wet
nor the dry period, these results demonstrate the need
for full seasonal analyses of the UTH frequency distri-
bution at multiple altitudes. Characterization of UTH
based on a wet versus dry season analysis in a single
altitude bin is not sufficient.

SANDOR ET AL.: UPPER TROPOSPHERIC WATER VAPOR

5. Summary

Results of an improved UARS MLS retrieval of upper
tropospheric water vapor at low to midlatitudes have
been presented. Zonal mean seasonal behavior at 316
hPa agrees qualitatively with the patterns seen in other
data sets [e.g., Soden and Bretherton, 1996; Peizoto and
Oort, 1996] at lower altitude. However, the subtropical
relative humidity minima, which are present through-
out the year at 316 hPa and in lower-altitude data, are
present only seasonally at 215 hPa and are absent at
147 hPa. We interpret this transition away from lower-
altitude behavior to mean that the MLS measurements
characterize the upper altitude limit of midlatitude con-
vection.

UTH values are higher in the northern hemisphere
than at the equivalent season and latitude in the south-
ern hemisphere, with the absolute UTH maximum on
each pressure surface occurring at the latitude of the
zonal mean ITCZ during the June-August tropical wet
period. Comparison with lower-stratospheric water va-
por data shows that the seasonal HyO maxima in the
upper troposphere and lower stratosphere are simul-
taneous at north tropical latitudes but well separated
in time at south tropical latitudes, consistent with the
Rosenlof et al. [1997] hemispheric asymmetry analysis.

A UTH frequency distribution analysis of 30°S-30°N
MLS data shows mode values are much drier than mean
and median values at 316 and 215 hPa, similar to
the nadir-sounding SSM/T-2 observations at lower al-
titudes. [Spencer and Braswell, 1997], and to the 300
hPa SAGE II limb-sounding data [Chiou et al., 1997].
At 147 hPa the 30°S-30°N mode values are marginally
drier than mean and median values. The peak (mode)
in this frequency distribution is drier in the tropical wet
season (June-August) than in the tropical dry season
(December-February) at 316 hPa but wetter in the wet
season than dry season at 215 and 147 hPa. Wettest val-
ues of the UTH frequency distribution peak also occur
in April-May, corresponding to neither the tropical wet
(JJA) nor the dry (DJF) periods. MLS measurements
thus show that the dryness and frequency distribution
of the driest tropical UTH values are complex functions
of altitude and season. -
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