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ABSTRACT

Water vapor in the midtroposphere is an important element for the earth radiation budget. Despite its

importance, the relative humidity in the free troposphere is not very well documented, mainly because of the

difficulties associated with its measurements. A new long-term archive of free tropospheric humidity (FTH)

derived from the water vapor channel of the Meteosat satellite from 1983 to 2005 is introduced. Special

attention is dedicated to the long-term homogeneity and the definition of the retrieval layer. It is shown to

complement the existing databases and is used to establish the climatology of FTH. Interannual variability is

then evaluated for each season by using a normalized interannual standard deviation. This normalization

approach reveals the importance of the relative variability of the dry areas to the moist regions. In conse-

quence, emphasis is on the driest area of the region. Focusing on composites of the moist and dry seasons of

the time series, the authors demonstrate that the 500-hPa relative humidity field, reconstructed using an

idealized Lagrangian model, is a good proxy for the FTH variability there. The analysis of the origin of the air

mass, using the back trajectory model, points out that lateral mixing between the deep tropics and extra-

tropical latitudes takes place over this area, as advocated in previous theoretical studies. Systematic esti-

mation of this large-scale mixing shows that, indeed, a significant part of the interannual variability of the free

tropospheric humidity in this subtropical region stems from the amount of mixing of air originating from the

deep tropics versus extratropical latitudes. The importance of this mechanism in the general understanding of

the FTH distribution and variability is then discussed.

1. Introduction

Water vapor is known to be a fundamental compo-

nent of the earth radiative budget through a strongly

positive feedback loop with the surface temperature

(e.g., Manabe and Wetherald 1967; Bony et al. 2006).

Water vapor in the mid- to upper troposphere, while

representing a small fraction of the total column, has

a significant impact on the outgoing longwave radiation

(OLR), the sensitivity of which increases with dryness of

the free troposphere (e.g., Pierrehumbert 1995; Spencer

and Braswell 1997; Pierrehumbert et al. 2007). Doc-

umenting and understanding the distribution and vari-

ability of humidity is thus critical for assessing current

climate and climate change simulations on a sound

physical basis.

In the tropical boundary layer, the water vapor dis-

tribution is directly influenced by surface evaporation,

itself influenced by the surface temperature, yielding to

strong correlations at monthly and interannual scales

between water vapor and the SST patterns (e.g., Stephens

and Greenwald 1991). At intraseasonal scales, the large-

scale convergence/transport of moisture needs to be

invoked to complete the picture; a typical example of

this being the short-term variability of the monsoonal

flux observed in West African and Indian monsoon

systems (Bock et al. 2007; Bhat 2006). At even smaller

scales, such as the convective event scale, cloud physics

needs to be incorporated to explain the water vapor

variability, such as the strong drying associated with the

passing of an organized system (e.g., Redelsperger et al.
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2002), without mentioning the subcloud scales where

microphysics drive the evaporation in the downdrafts

(e.g., Emanuel 1991). In the free troposphere, on the other

hand, over large portions of the subtropics, the distri-

bution of water vapor is controlled by large-scale trans-

port and the temperature at which the last saturation of

the air mass occurred (Pierrehumbert 1998). There, evap-

oration from clouds has been shown to be negligible

(Sherwood 1996; Pierrehumbert and Roca 1998; Sherwood

and Meyer 2006). In the deep tropics, free tropospheric

humidity is more directly influenced by convective sys-

tem detrainment (e.g., Udelhofen and Hartmann 1995;

Salathé and Hartmann 1997; Luo et al. 2007; Chung et al.

2007; Sohn et al. 2008; Tian et al. 2004). Understanding

the variability of moisture in the mid- to upper troposphere

in the intertropical belt hence requires investigating the

transport of water vapor and its variability as well as the

variability in the location of deep convection. The signa-

ture of multiple intraseasonal modes has, indeed, been

reported in the mid- to upper tropospheric humidity in the

tropics with periods of 30–60 days (Madden–Julian os-

cillation) and 10–20 days linked to monsoon onsets and

breaks (e.g., Mote et al. 2000; Sassi et al. 2002; Zhan et al.

2006). At these intraseasonal scales in the deep tropics

large-scale transport explains some observed dry spells

(Roca et al. 2005a), while the occurrence of moistening

events are more related to deep convective events (e.g.,

Roca et al. 2002). At interannual scales, El Niño events

are well related with the variability of free tropospheric

relative humidity over the Pacific Ocean through both

convective pattern shifts and large-scale dynamics modi-

fication (Bates et al. 2001; McCarthy and Toumi 2004;

Luo et al. 2007). The El Niño response fades away from

the Pacific Ocean to other tropical regions where the in-

terannual variability is not well-documented nor un-

derstood. In the present study, an attempt is made to

document and investigate the mechanisms implied in the

interannual variability of the free tropospheric humidity

over the tropical Atlantic/Africa region.

Despites its importance to the physics of climate, the

distribution of humidity in the tropical free troposphere

is not well observed at long-term, interannual, seasonal,

intraseasonal, and shorter scales. Indeed, conventional

radiosondes, beyond scarcity issues in the tropics, are

well known to suffer from biases in upper-tropospheric

environmental conditions, which are difficult to correct

(Elliot and Gaffen 1991; Soden and Lanzante 1996).

Atmospheric reanalyses also suffer from spurious be-

havior at the extremes of the range of relative humidity,

and the time-varying assimilation procedure might con-

taminate their description of the interannual variability

(Allan 2006). Satellite estimates are a good alternative

to document the variability of the relative humidity of

the free troposphere. Infrared radiometers, onboard me-

teorological satellites since the late 1970s, routinely ob-

serve water vapor in the strong rotation vibration band,

potentially yielding a rich long-term database. These ar-

chives are affected by two main limitations though. First,

the long-term variability can be corrupted by change of

the captor over time and variation in the absolute cali-

bration (e.g., Picon et al. 2003). Second, the radiance field

is not directly related to a simple estimate of the relative

humidity and is usually associated with the average clear

sky relative humidity over a poorly located broad layer of

the free troposphere, yielding to some uncertainty in the

retrieval (e.g., Fischer et al. 1981; Schmetz and Turpeinen

1988; Soden and Bretherton 1993; Bates et al. 2001; Roca

et al. 2003; Brogniez et al. 2004). Here, an extended long-

term archive of humidity estimates built from the Me-

teosat observations is used to document the variability of

the relative humidity in the free troposphere. The em-

phasis is put on the quality of the retrieval and the defi-

nition of the atmospheric layer, as well as on stability over

time.

The mechanisms that control the relative humidity

distribution in the subtropical midtroposphere are three-

fold: subsidence, which brings down dry air from aloft;

lateral mixing, which brings in moistened air from the deep

convective regions; and drying by processing of air through

the cold extratropics (Pierrehumbert 1998). While the

first two mechanisms have received much attention and

have been incorporated in successful simple theoreti-

cal models of the subtropical humidity distribution (e.g.,

Pierrehumbert 1999; Mapes 2001; Pierrehumbert et al.

2007; Sherwood et al. 2006; Ryoo et al. 2008), the last

one has yet to be addressed in these idealized frame-

works. As an incentive to do so here, the relative im-

portance of lateral mixing of tropical and extratropical

air is shown, using an advection–condensation model,

to explain the FTH interannual variability over a key dry

region of the subtropics.

The paper is organized as follows. Section 2 briefly

presents the Meteosat database of free tropospheric

humidity estimated from the 6.3-mm measurements; de-

tails of the database production are shown in two ap-

pendices. The FTH climatology is then shown in section

3 together with some elements characterizing its in-

terannual variability. Section 4 is dedicated to the study

of the link between the satellite measurements and the

large-scale dynamics. Discussions and perspectives are

provided in the concluding section.

2. Data

The data used in this study covers the 1983–2005

period of observations of the Africa/tropical Atlantic
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atmosphere by the first generation Meteosat satellites

(Meteosat-2 to -7). Water vapor (WV) brightness tem-

perature (BT) in the 6.3-mm, so-called water vapor, chan-

nel are available at a 3-hourly time step and an equivalent

resolution of 30 km through the International Satellite

Cloud Climatology Project (ISCCP) (Rossow and Schiffer

1991). Homogenization of this long time series of WV

measurements, covering six radiometers, has been per-

formed following Picon et al. (2003); the main aspects

are detailed in appendix A. The water vapor clear-sky

radiances (CSR) are obtained using the scene selection

methodology described in Brogniez et al. (2006), based

on the ISCCP-DX cloud products: in addition to the

clear-sky-only pixels, low-level clouds with a cloud-top

pressure greater than 680 hPa are kept in the database,

improving significantly the sampling of the region over

a season. Thus, for the subtropical regions up to 80% of

scenes are kept over the course of a season, versus about

50% in the clear-sky-only selection [see Brogniez et al.

(2006) for details].

The free tropospheric humidity quantity is estimated

directly from the CSR using a simplified theory of the

radiative transfer and the thermodynamical properties

of an idealized tropical profile (Soden and Bretherton

1993; see appendix B for details in the method). The use

of the local relative humidity Jacobian [›BT/›RH, pro-

vided by the Radiative Transfer for the TIROS Opera-

tional Vertical Sounder (RTTOV) fast radiative code]

for the determination of the layer of influence of the

water vapor BT has been preferred over other vertical

operators (cf. appendix B). Such interpretation of the BT

yields a small retrieval bias (20.21%) and a small rms

error (1.47%), reducing by a factor of 2 the two un-

certainties of similar products traditionally quoted in the

literature (Brogniez et al. 2004). Therefore, we interpret

the water vapor BT as the free tropospheric humidity

(FTH), which better corresponds to the region of in-

fluence of the local Jacobian over the intertropical belt

than the frequently used upper-tropospheric humidity

term (Roca et al. 2003; Brogniez et al. 2004, 2005). Eval-

uation of the Meteosat FTH database against estimates of

FTH from radiosonde observations (cf. appendix B) over

the entire period reveals a small bias of 21.23%, stable

over the long 1984–2005 period (s 5 1.70%).

3. Climatology

a. Mean seasons

The Meteosat-derived climatology for each season

(Fig. 1) is similar to that observed by radiosondes and in

situ measurements (e.g., Peixoto and Oort 1996; Luo

et al. 2007) and reported from a shorter study using

Meteosat (Picon et al. 1995; Schmetz et al. 1995) and

other radiometer measurements, such as the High Res-

olution Infrared Radio Sounder (HIRS-12) (Stephens

et al. 1996; Bates et al. 2001; McCarthy and Toumi 2004)

and the Atmospheric Infrared Sounder (AIRS) onboard

the Aqua satellite (Gettelman et al. 2006). Among the

large patterns the moist ITCZ, reaching values of FTH

around 50%, is clearly seen with its position shifting

from 108S over the African continent in December–

February (DJF), Fig. 1a, to about 108N over the West

African region area in June–August (JJA), Fig. 1c. In

both parts of the ITCZ, broad regions corresponding to

subsidence branches of the circulation cells, with FTH

values less than 15%–20% widening and drying over the

course of the year, reach less than 10% in June–August

in both hemispheres (Fig. 1c). Over the Eastern Medi-

terranean in boreal summer the FTH reaches its clima-

tological minimum with values as low as 7%–8%.

b. Interannual variability

Figure 2 shows the interannual standard deviation of

the seasonally averaged FTH for the four seasons as

a proxy to document the interannual variability. Gen-

erally, the patterns of large variability are located in the

moist areas and on the edges of the ITCZ, while less

variability characterizes the dry areas of the subtropics.

The magnitude of this standard deviation varies be-

tween 7% and 2%. In winter standard deviations are

larger than in summer and other seasons. The variability

is further analyzed using computations of the coefficient

of variation sn (standard deviation normalized by the

mean). Here sn is better suited to document the key

role of those extremely dry areas for the earth’s radia-

tive budget. Indeed, the sensitivity of OLR to the FTH is

first dependent upon the background profile. Radiative

transfer computations indicate that OLR is three times

more sensitive to a given perturbation of relative hu-

midity in a dry, rather than moist, environment (Spencer

and Braswell 1997; Udelhofen and Hartmann 1995;

Roca et al. 2002; Sohn and Schmetz 2004). In other

words, a small absolute variation in dry conditions can

yield a significant OLR impact similar to the large ab-

solute value associated with a moist environment. The

maps in Fig. 3 reveal that, while large values are over-

all still found in winter, the location of large relative

variability is shifted toward the gradient areas between

moist and very dry air as well as over the dry areas.

In summer, the Eastern Mediterranean region, previ-

ously a low interannual variability area, now stands out

as the region with more important normalized variabil-

ity, with values in excess of 25%. Similarly the ITCZ region

exhibits small interannual variability with sn ; 5%. To

further support the importance of analyzing the normal-

ized interannual variability, the sensitivity computations
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of Spencer and Braswell (1997) have been replicated

using the CRM model (e.g., Zender 1999) in the con-

figuration detailed in Roca et al. (2005b), allowing us

to evaluate this normalizing effect on OLR. In typical

tropical temperature conditions, holding temperature

constant and changing the FTH from 10% to 7.5%

(equivalent to a 25% relative decrease) would increase

OLR by 4.4 W m22, from 315.3 to 319.7 W m22. In

ITCZ-like conditions (FTH ; 50%), reducing the FTH

by a quarter would yield to a similar increase in OLR

by around 6 W m22. If the climatological observed in-

terannual variability in these regions (5%) is used in-

stead, the increase in OLR is only 1.4 W m22. This

recalls the importance of small absolute variations that

can be significant relative variations in a dry environ-

ment. In summer, the region of the Eastern Mediterra-

nean Sea reveals very dry subtropical climatological

values, as well as enhanced interannual relative vari-

ability, of importance to the radiative budget. Hence, we

document next in more detail this outstanding limited

area.

c. The Eastern Mediterranean region in summer

In the rest of the paper, the seasonal average over July

and August (JA) is preferred over the JJA period in

order to account for the data availability discussed in

section 2. Note that none of the following conclusions

are modified by using JJA, but using JA slightly en-

hances the results significance. The Eastern Mediterra-

nean region (258–358N, 208–308E) is characterized by

a dry summer averaged FTH (8.3%) and a large nor-

malized interannual variation (25.7%).

FIG. 1. Mean seasonal cycle of the Meteosat-derived FTH (%) over 1984–2004 for (a) December–February,

(b) March–May, (c) June–August, and (d) September–November. The box limits the selected area of study: (c) the

Eastern Mediterranean region (258–358N, 208–308E). The dashed line limits the #10% FTH areas.
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Figure 4 summarizes some statistics of the FTH for this

region over the period studied using box-and-whiskers

plots. Computations were performed using daily aver-

aged FTH estimates. Beyond the seasonal mean, the main

characteristics of the probability distribution functions

are given (median, extremes, and quartiles) to charac-

terize the variability. The focus is on years 1984 and

1992, which belong to the driest and less dry years of

the period, and shows contrasting statistics over this

region. Previous analysis using a preliminary version of

this dataset also identified these two years as represen-

tative of extreme conditions over the area (Brogniez

et al. 2005). Indeed, in 1984, the FTH averages to 5.5%

with a median of 5.1% and a small standard deviation of

2.4% (43% in relative terms) and a very dry low first

quartile value of 3.5% and a less high value of 6.8% for

the third quartile. This is characteristic of a very dry year

with steady dry conditions throughout the season. On

the other hand, 1992 is characterized by the less moist

average of 7.9% and similar relative standard deviation

of 37% with maximum values up to 16.2%, indicative

of overall moister conditions as well as a more variant

moist environment all through the season. This region is

further characterized by a relatively small variation of the

temperature field in the midtroposphere. The National

Centers for Environmental Prediction–National Center

for Atmospheric Research (NCEP–NCAR) 40-yr re-

analyses (Kalnay et al. 1996) average temperature at

500 hPa is 266.5 K with an interannual standard devia-

tion of 1.4 K, a 0.5% relative variation. Such variations in

the temperature are unlikely of provoke large variations

in the relative humidity (e.g., Peixoto and Oort 1996). In

FIG. 2. Interannual standard deviations of the FTH (%) observed by METEOSAT over 1984–2004:

(a) December–February, (b) March–May, (c) June–August, and (d) September–November.
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1984, the July–August 500-hPa temperature averages

267 K and 267.1 K in 1992. This indicates that the tem-

perature influence on the interannual variability of FTH

there can be ruled out and that the differences in hu-

midity between these two extreme years are likely con-

tributed by moisture variations. To add significance to the

results, we discuss in the following the behavior of the

composites of the extreme years of the period: the three

moistest years (1987, 1988, and 1992) and three driest

years (1984, 1985, and 2000).

4. Large-scale transport and variability of the FTH

The FTH corresponds to the vertical average of rel-

ative humidity using a Jacobian function to weight the

contribution from different levels. As a result, neither

a single level of the atmosphere nor a simple combina-

tion of many easily matches the FTH. When considering

the relative variability in space and time of FTH, so,

without looking for strong linear relationship, one can

expect that the study of relative humidity at a single level

could enlighten our understanding of variability of the

satellite integrated product. We show next that, indeed,

the relative humidity field at 500 hPa computed with an

idealized advection–condensation transport model is

a reasonable proxy for studying the variability of FTH in

the dry region of interest.

a. A Lagrangian transport model for water vapor

The model belongs to the class of the last-saturation

models: at a given point in time and space, the water

vapor mixing ratio of an air parcel corresponds to the

minimum mixing ratio encountered along its trajectory.

This position of last saturation hence depends only on

the atmospheric circulation and the temperature field.

Water vapor is considered as a nondiffusive tracer,

FIG. 3. As in Fig. 2 but for the normalized standard deviation (%).
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which suppresses the mixing of moisture among air

masses, caused for instance by diffusion from small-scale

turbulence. Finally, the precipitation efficiency is as-

sumed to be 100%, thus simplifying microphysical pro-

cesses: the model ignores the redistribution of excess

moisture that condensates as the air parcel penetrates

a subsaturated environment. This model is described at

length by Pierrehumbert (1998) and Pierrehumbert and

Roca (1998). It is used in the same configuration as in

Roca et al. (2005a), Brogniez and Pierrehumbert (2006),

and in Pierrehumbert et al. (2007). The three compo-

nents of the wind (u, y, v) as well as the air temperature

field are taken from the 6-hourly NCEP reanalyses

provided on a regular 2.58 latitude 3 longitude grid. The

only source of moisture is the saturated planetary

boundary layer defined at the 850 hPa, whereas the sink

is the precipitation field from NCEP used to diagnose

deep convection based on a threshold of 5 cm day21.

The relative humidity of the air parcel is computed with

respect to water using the water vapor mixing ratio of

the last saturation and the NCEP air temperature. For

our purpose, reconstruction of the relative humidity

field is performed at the 500-hPa pressure level (here-

after RH500), on a 0.58 grid and the trajectories are in-

tegrated over 12.5 days backward in time or until the air

mass encounter deep convection. Roca et al. (2005a)

showed that, over dry regions of the Sahel, the re-

constructed RH500 agrees within 10% with observed

RH500 from radiosondes and are consistent over the entire

African subsidence regions (see also Pierrehumbert 1998;

Pierrehumbert and Roca 1998). The model is integrated

for all summer seasons of the 1983–2004 period of study.

b. Results for dry and moist extremes composites

As shown in the previous section, over the Eastern

Mediterranean region, the 1984, 1985, 2000 seasons be-

long to the driest July–August seasons of the period

while 1987, 1988, 1992 are among the wetter seasons.

These extreme years have been selected to illustrate

the usefulness of the reconstructed relative humidity at

500 hPa as a proxy for FTH at the interannual scale and

are used to composite a significant dry season and sig-

nificant moist season. Figure 5 shows the associated

FTH and RH500 maps. While the overall FTH patterns

are similar, the dry composite is characterized by a large

very dry area spreading over the Eastern Mediterranean

region up to the eastern border of our domain of study,

which is not seen in the moist composite. This inter-

annual contrast is captured in the reconstructed relative

humidity field with a dry pattern of RH500 below 5%

only observed in the dry case. Maps of relative humidity

at 500 hPa from the NCEP2 reanalysis and from the

40-yr ECMWF Re-Analysis (ERA-40, not shown) also

confirm these differences between the two seasons.

Beyond agreement between the proxy and FTH on

the differential seasonal average in between theses ex-

treme years, relative humidity also captures some of

the variability of the FTH at smaller scales. As shown in

Fig. 4, in addition to being dryer, the dry years appears

much steadier than in the moist composite, with smaller

differences between the first and third quartiles and

smaller maximum values (except for 1984), suggesting

the presence of some moist plumes during the moist

years over the region. The same computations have

been repeated for the daily 500-hPa relative humidity

(not shown) and show that, similarly, the relative hu-

midity intraseasonal variation is smaller during the dry

composite compared to the moist composite. However,

the magnitude is larger in the case of a single level than

for the FTH product, as expected from the broad ver-

tical averaging associated to the latter. Recall that one is

not looking for any linear relationship between FTH and

relative humidity but for an agreement in their relative

variability. Indeed, at the interannual scale and when

FIG. 4. Box plots of the FTH estimated by Meteosat defined for each July–August over the Eastern Mediterranean

area (258–358N, 208–308E). The box is characterized by the median, the first and third quartiles, and the whiskers

represent the minimum and maximum values. Also indicated are the three driest years (dotted pattern) and the three

moistest years (vertical pattern).

15 DECEMBER 2009 B R O G N I E Z E T A L . 6779



considering both the mean and variability within each

season, the variability of the recomputed relative hu-

midity corresponds well to the variability observed in

FTH, permitting use of the former as a good proxy of

the latter at the scales considered.

The results of the validated model are now used to

identify the origin of the dry/moist air. Figure 6 shows

a latitude–altitude diagram of the zonally accumulated

density of the last-saturation coordinates (Roca et al.

2005a) for the air masses arriving over the Eastern Medi-

terranean area for the two years. Both seasons reveal

a generally similar pattern. Last saturation occurred over

a broad layer of the free troposphere with saturation

pressure ranging from 400 to 150 hPa and spread over

the Northern Hemisphere. Two cores of frequent loca-

tions of the last saturation are also well defined: from

108 to 208N and ;150 to 325 hPa and a larger one lo-

cated from 408 to 608N spanning the 200–350-hPa region.

A third region of interest corresponds to the lowest

levels, from 350 to 450 hPa, of the two regions. For the

dry composite, the tropical core is the main contributor to

the seasonal average closely followed by the extratropical

core and is located in the upper troposphere. In the moist

case, on the other hand, the extratropical core is the most

important contributing region. The lowest part of the

region also contributes more so than in the dry case. The

zonally averaged temperature (averaged over a large

zonal domain where the actual saturation took place) is

also shown in Fig. 6. There is hardly any difference be-

tween the temperature distribution of the extremes in

both the vertical and in latitude. The two latitudinal

regions are characterized by a similar distribution of

FIG. 5. Maps of (a),(b) observed FTH from Meteosat and (c),(d) the reconstructed 500-hPa relative humidity from

the back-trajectory model for the composites (left) July–August 1984, 1985, 2000 and (right) July–August 1987, 1988,

1992.
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temperature in the upper part. In the 108–208N band,

where the tropical core is located, the temperature ranges

from 212 K at 175 hPa to 244 K at 325 hPa. In the ex-

tratropical region at 200 hPa, temperature warms from

220 K to around 224 K over the 408–608N band and in-

creases to 240 K at 350 hPa. The upper part of the trop-

ical core is associated more with lower temperature than

its extratropical equivalent. In the contributing sector

with the lowest levels, over both regions, air masses ex-

perience higher temperature than in the cores (240–

258 K). Hence, the air that originates from the tropical

core is likely to be drier than the one originating from

the extratropical regions, itself drier than the lowest level

of the tropical region. If the JJA period is used instead of

the JA averages, the results are basically unchanged al-

though the overall agreement with the recomputed RH at

500 hPa is slightly less good.

In summary, there is evidence of lateral mixing oc-

curring during these two seasons and the temperature

field does not show any large variability that could ex-

plain the difference in relative humidity at the in-

terannual scale. Indeed, it is the relative contribution

from the different preferred locations, each character-

ized by a different thermal environment, to the last-

saturation statistics that seems to explain the difference

in humidity between these extreme years.

c. Interannual variability

The previous analysis is now systematized to the

whole time series. One index of lateral mixing is built

using the back-trajectory model as the fraction of air

masses that originate from the deep tropics. Following

the previous subsection analysis, the deep tropics are

defined as within a 258N latitude cut off. Another index

is used to describe synthetically the interannual vari-

ability of the relative humidity in the area. It is the

fraction over the area of grid point with RH below 10%.

The results below are not sensitive to small changes to

the arbitrary thresholds. Figure 7 shows a scatter dia-

gram of these two indices indicated by the year. As ex-

pected, the moist 1992 and dry 1984 seasons are plotted

as the extremes on the diagram. The relationship be-

tween the two indices is almost monotonic with in-

creasing fraction of tropical air associated with a drying

of the area. The linear correlation between the two

variables is 0.68, significant at the 99% level following

a Student-t test. When the analysis is repeated consid-

ering the JJA season instead of JA, the computations

yield similar conclusions with a slightly lower correla-

tion of 0.6. A substantial part of the interannual vari-

ability of the relative humidity at 500 hPa is hence

explained by the lateral mixing. This indicates that

large-scale dynamics, through extratropical versus trop-

ical airmass transport, drives the relative humidity var-

iability over this region. At the scales considered, RH500

is a reasonable proxy for the FTH. Although the FTH

spreads over multiple levels in the free troposphere,

rather than just one, it is likely that the lateral mixing is

at play not only at 500 hPa but at other free-tropospheric

levels relevant to FTH (e.g., Pierrehumbert and Roca

FIG. 6. Zonally and temporally integrated distributions (in natural log scale) of airmass last-saturation positions for the July–August

(a) dry and (b) moist composite. Contours are for the mean air temperature from the NCEP reanalyses averaged over 608W–408E for the

same periods.
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1998). Therefore, the mechanism highlighted here for one

level should hold for the FTH as well.

5. Summary and discussions

A new long-term archive of free tropospheric hu-

midity derived from Meteosat measurements spanning

the 1983–2005 period is introduced. It is based on an

extended clear-sky radiance archive previously released

and on the climatology of a simplified thermal vertical

structure parameter of the tropical atmosphere extracted

from the NCEP reanalysis. Comparison with radiosonde-

derived FTH shows remarkable stability of the differ-

ence between the satellite and in situ estimates over

time, giving strong confidence on the former to charac-

terize the FTH variability. The multiyear season aver-

ages are presented and show the well-known features

of the free tropospheric humidity climatology. The in-

terannual variability is then documented by looking at

the interannual standard deviation for each season as

well as at the coefficient of variation. In brief, the anal-

ysis indicates that

d the absolute interannual variability is dominated by the

signal of the moistest region;
d the relative interannual variability is more relevant

to the OLR variability;
d the dry areas exhibit much more relative interannual

variability than the moist areas; and
d during the summer, this relative variability reaches up to

25% over the Eastern Mediterranean dry zone com-

pared to only 5% over the ITCZ region.

To interpret the reason for this high relative variability

over the dry subtropical zone, the analysis is focused on

the Eastern Mediterranean region. A Lagrangian trans-

port model, run with the NCEP-reanalyzed 4D winds and

temperature fields, is used to compute the relative hu-

midity at 500 hPa and is compared to the FTH. In brief,

our findings show that

d the reconstructed 500-hPa RH field is a good proxy

to characterize the FTH variability despite the latter

corresponding to an elaborated average of multiple

levels in the free troposphere,
d Lateral mixing between tropical and extratropical re-

gions is a major feature of this limited area, and
d a significant part of the interannual variability of the free

tropospheric humidity in this region of the subtropics

stems from the amount of mixing of air originating from

the deep tropics versus extratropical latitudes.

This is a somewhat different perspective compared

to previously published studies. Bates et al. (2001) in-

dentified a westerly duct swing process associated with

large-scale dynamics modifications associated to El Niño,

which do not seems to be relevant for our region as

discussed above. McCarthy and Toumi (2004), on the

other hand, reported an important role of the tem-

perature anomaly in explaining a large portion of the

HIRS/UTH interannual variability again with a strong

response in the Pacific Ocean. The local temperature

interannual variability could, indeed, influence the rel-

ative humidity, assuming constant specific humidity.

Assuming a typical specific humidity for the 500-hPa

level in the dry area of 1 3 1024 kg kg21, changing,

modestly (like the interannual estimated variation using

NCEP analysis), the local temperature from 265 to

266.5 K changes the relative humidity from 2.4% to

2.1%. In the moist case (q ; 2 3 1023 kg kg21) typically

encountered in the ITCZ, the relative humidity would

change from to 48.4% to 43.1%. These simple calcula-

tions confirm that the impact of temperature changes on

the FTH are exacerbated over the moist area and that in

dry conditions other mechanisms are needed to explain

the relative humidity variability. Previous interannual

analysis emphasized the role of El Niño in driving the

interannual variability of UTH in the tropics (Bates

et al. 2001; McCarthy and Toumi 2004), mainly through

the use of EOF analysis. In this case, the first, and sig-

nificant, mode is primarily driven by the absolute vari-

ation of the moist ITCZ over the Pacific and, hence, does

not fully reflect the highly significant relative variability

of the dry subtropics.

Over our area of interest, no direct relationship seems

to hold with the El Niño index. Lateral mixing has been

shown to have a strong contribution to the FTH relative

humidity and is related to both extratropical jet dy-

namics and deep convection activity in the tropics. This

FIG. 7. Plot of the normalized anomaly of the fraction of air

masses with a tropical last-saturation position (latitude , 258N) vs

the normalized anomaly of dry air (defined by RH , 10%) for the

area 258–358N, 208–308E during each July–August.
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finding is in agreement with previous theoretical studies

identifying lateral mixing as a way to produce dry air

(e.g., Pierrehumbert and Yang 1993; Pierrehumbert

1998; Galewsky et al. 2005). Trajectory results from

the 2001 campaign survey of pollutants, Mediterranean

Intensive Oxidant Study (MINOS), have highlighted

the central role of Indian monsoon dynamics in the

transport of pollutants in the Mediterranean upper tro-

posphere (Lelieveld et al. 2002; Scheeren et al. 2003).

When considering maps of the last-saturation coor-

dinates (not shown), our computations also point toward

the Indian monsoon area as one of the tropical sources

of the air masses forming the tropical core of origin. The

‘‘desert monsoon’’ mechanism proposed by Rodwell

and Hoskins (1996, 2001) suggests a dynamical link be-

tween the Indian monsoon convective activity and the

subsiding area of the Mediterranean. The representa-

tion of theses two aspects in an atmospheric general

circulation model (AGCM) is likely to be important for

representing the interannual variability of the free tro-

pospheric humidity over this region. Indeed, Brogniez

et al. (2005) documented the behavior of a number of

AGCMs participating in the Second Atmospheric Model

Intercomparison Project (AMIP 2) exercise (Gates 1992)

with respect to the FTH interannual variability. Most of

the forced models ended up capturing this variability

and, definitely, none were able to capture the chronol-

ogy of the events from one year to another. These results

were surprising in light of the conventional wisdom re-

garding humidity being driven by the large-scale dynam-

ics, and one could have expected the GCM to reproduce

these more easily. Besides the upper-level midlatitude

jets, our results point to the role of Asian monsoon con-

vection in shaping the the FTH distribution. A study of the

same AMIP 2 models by Srinivasan (2003) indicates weak

skill of the participating models in representing monsoon

variability. We can speculate that this weak skill contrib-

utes to a poor representation of the tropical origin fraction

of air masses that are linked to FTH variability at the in-

terannual scale. Representation of breaks in the jet and

other midlatitude upper-level dynamics could be another

candidate to explain these previously reported model–

observations differences (Waugh 2005; Cau et al. 2007).

Further work on climate models hence should focus on

these two topics to shed some light on the reasons for their

agreement/failure to reproduce the observed humidity

variability in the free troposphere.

While the focus of the present work is on a Northern

Hemisphere area in summertime, significant interannual

variability of FTH over other dry regions has also been

identified. In boreal winter the dry edges of the oceanic

ITCZ show large normalized variability that deserves

further analysis, beyond of the scope of the present ef-

fort. The dry patch over the southern part of the Red

Sea also reveals large variability that needs to be un-

derstood. In spring, similarly, the dry areas in both

hemispheres, also not as dry as in the winter/summer

climatology, exhibit significant variability at the inter-

annual scale. A direct venue to complete the present

work in the future concerns the detailed analysis of these

variance enhanced regions using the current approach

based on the 500-hPa proxy to assess the role of lateral

mixing for these dry areas. Preliminary results from

a broader ongoing study on the relative humidity distri-

bution over the full intertropical belt indicates that the

presently discussed lateral mixing process is repeatedly at

play in the summer hemisphere dry subsiding areas and is

exacerbated in boreal summer, presumably because of

the configuration of the upper-levels jets in the northern

midlatitudes. Another direct perspective of this study

concerns the extension of the length of the FTH database

to the recent Meteosat Second Generation water vapor

measurements (Schmetz et al. 2002). Such an extended

archive will be part of the climate Satellite Application

Facility products in coming years (Schulz et al. 2008) and

will offer an even longer documented period to assess the

different mechanisms governing the interannual vari-

ability of the free tropospheric humidity.
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APPENDIX A

The Clear-Sky Radiance Archive

The Meteosat water vapor database has been recently

extended from 1983–96 (Brogniez et al. 2006) to 2005

and now covers five versions of the Meteosat Visible and

Infrared Imager (MVIRI) in operation onboard the fleet

of satellites of the First Generation. Following Picon
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et al. (2003), heterogeneities due to the successive radi-

ometers (differences in the 6.3-mm filter functions) and

the updates and improvements in the vicarious calibra-

tion technique used at the European Organization for the

Exploitation of Meteorological Satellites (EUMETSAT)

(Schmetz 1989; Van de Berg et al. 1995) have been cor-

rected. In addition, a calibration adjustment is applied

with respect to the one of HIRS-12/NOAA-12, which

is assumed to be more accurate (e.g., Bréon et al. 2000).

The present archive extends the work described in

Brogniez et al. (2006) that concerned the Meteosat-2

to -5 measurements to most of the Meteosat-7 coverage

(June 1998–June 2005). The period March 1997–May

1998, observed by the Meteosat-6 radiometer, is not

introduced in this database owing to numerous in-

stabilities in its calibration (more information available

online at www.eumetsat.int), thus considered as missing.

Figure A1 (top) presents the comparison between the

CSR dataset and the simulated BT of collocated radio-

soundings extracted from the archive of the ECMWF as

in Brogniez et al. (2006) (Uppala et al. 2005; R. Armante

2008, personal communication). The simulation of

BTs was performed using the RTTOV-7 fast radiative

code (Matricardi et al. 2004). Comparison is performed

with the closest 0.6258 3 0.6258 satellite BT. Only

nighttime soundings are conserved in the comparison

[see Haimberger (2007) and references therein for the

sounding problem during day time]. The small differ-

ence (0.351 K) between the BTs adjusted on HIRS-12/

NOAA-12 and the radiosonde BTs confirms the warm

artificial bias of the Meteosat-5 water vapor channel,

which has been highlighted in several works (Bréon

et al. 2000; Sohn et al. 2000; Köpken et al. 2003). The

small standard deviation of the difference (s 5 0.426 K)

indicates good stability of the satellite archive with re-

spect to the radiosonde archive throughout the period.

At the intraseasonal scale, and owing to some missing

days in June for the years 1983 (availability of data starts

on 17 July), 1984, 1987, and 1989 and because the dataset

ends in June 2005, only the July–August months of the

1984–2004 period are preferred (20 years, summer 1997

excluded) to the longer summer season months (June–

August), the latter being considered for a climatological

description.

APPENDIX B

The Free-Tropospheric Humidity Database

The quantity FTH is determined from the following

equation (Soden and Bretherton 1993):

ln
p

0
hRHi
cosu

� �
5 aBT

6.3
1 b, (B1)

which links hRHi; that is, the mean relative humidity (in

percentage, defined with respect to water only) of a

broad layer of the troposphere to the clear-sky 6.3-mm

BT. This equation also makes use of a scaling param-

eter p0, defined as the pressure of the 240-K isotherm

FIG. A1. (top) Comparisons between the Meteosat-5 WV brightness temperature simulations from radiosoundings

using the RTTOV7 code and the observed BT (black line), with the main radiometric events (dashed lines) and the

standard deviation (gray line) of the difference within each month (see Brogniez et al. 2006). (bottom) Comparisons

between the FTH expected from radiosoundings (Jacobian-weighted relative humidity profile) and FTH observed

from Meteosat (based on the FTH–BT algorithm). Gray shadings indicate missing values data (September 1992, and

the Meteosat-6 period from March 1997 to June 1998); the mean bias and standard deviation are indicated.
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normalized by a reference pressure of 300 hPa, and of

a correction of the satellite viewing angle u.

According to the related bibliography the vertical

averaging operator h�i can be:

i) the local relative humidity Jacobian ›BT/›RH, used

in this study (e.g., Roca et al. 2003; Brogniez et al.

2004, 2005);

ii) the transmission-derived weighting function ›t/› lnp

(e.g., Schmetz and Turpeinen 1988; Stephens et al.

1996); or

iii) an idealized Jacobian DBT/DRH (e.g., Soden and

Bretherton 1993; Jackson and Bates 2001).

The fitting parameters (a and b) of the BT to hRHi re-

trieval are determined once using a representative da-

taset of thermodynamic profiles extracted from ERA-40

and sampling the Meteosat field of view (308N–308S,

458W–458E).

Technically, estimates of p0 were obtained from

ERA-40 until 2002 and from the ECMWF operational

analyses thereafter. Here p0 is computed using spatially

collocalized ECMWF temperature profiles (1.1258) and

interpolated in time from the 6-hourly data for each 3-

hourly CSR value. Tests with temperatures profiles from

the NCEP–NCAR reanalyses (Kalnay et al. 1996) have

shown little differences with the ECMWF-based com-

putation of p0(Dp0 /p0 ; 20.02). Since Dp0 /p0 scales

DFTH/FTH, it turns this uncertainty into a small relative

uncertainty of 2% in the estimation of FTH. Similarly,

the use of local temperature profiles to compute p0 has

been preferred over the use of a climatological value to

improve the retrieval at the dry end of the spectrum. For

example, there is a 6% difference between the mean p0

of July 1992 and the value for the 1983–2004 period

(averaged over the Meteosat field of view). This yields

up to 6% (absolute) uncertainty in dry atmospheres

(FTH , 20%) and 1.3% in moist regimes (FTH . 50%).

As for the CSR, the FTH is compared to the ECMWF

radiosonde archive in Fig. A1 (bottom). The FTH is de-

rived from the radiosondes using the RTTOV Jacobian

(with the temperature and humidity profiles as inputs)

and by vertically averaging the relative humidity profile

with the Jacobian. As for the BT evaluation, the com-

parison highlights high consistency of the FTH satellite

product, which is stable over time. Complimentary

analyses at the sonde scale (no spatial/temporal aver-

age) support this consistency.
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