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ABSTRACT

Multiple years of measurements of tropical upper-tropospheric temperature and humidity by the Mea-

surement of Ozone and Water Vapor by Airbus In-Service Aircraft (MOZAIC) project are analyzed in the

vicinity of deep convective outflow to study the variations of temperature and humidity and to investigate the

influence of the sea surface temperature (SST) on the outflow air properties. The principal findings are the

following. 1) The distribution of relative humidity with respect to ice (RHi) depends on where a convective

system is sampled by the MOZAIC aircraft: deep inside the system, RHi is unimodal with the mode at

;114%; near the outskirts of the system, bimodal distribution of RHi starts to emerge with a dry mode at

around 40% and a moist mode at 100%. The results are compared with previous studies using in situ mea-

surements and model simulations. It is suggested that the difference in the RHi distribution can be explained

by the variation of vertical motions associated with a convective system. 2) Analysis of MOZAIC data shows

that a fractional increase of specific humidity with SST, q21 dq/dSTT, near the convective outflow is about

0.16–0.18 K21. These values agree well with previous studies using satellite data. Because MOZAIC measure-

ments of temperature and humidity are independent, the authors further analyze the SST dependence of RHi and

temperature individually. Temperature increases with SST for both prevalent flight levels (238 and 262 hPa);

RHi stays close to constant with respect to SST for 238 hPa but shows an increasing trend for the 262-hPa level.

Analysis conducted in this study represents a unique observational basis against which model simulations of

upper-tropospheric humidity and its connection to deep convection and SST can be evaluated.

1. Introduction

It has long been realized that deep convection plays

a key role in affecting the heat budget and moisture

distribution of the tropics (Riehl and Malkus 1958). In

recent years, the influence of tropical convection on the

upper-troposphere moisture has received increased at-

tention because of its important role in climate feedback

(Lindzen 1990; Held and Soden 2000; Sherwood et al.

2010). The tropical upper troposphere is connected to

near-surface air by deep convection, whereby air from

close to the surface is lifted to the upper troposphere.

Outside of the deep convective region air generally

experiences gentle subsidence due to the radiative cool-

ing of the atmosphere, so the upper troposphere of the

nonconvective regions does not feel much of an influence

from the surface immediately below. A number of pre-

vious studies have investigated how upper-tropospheric

temperature and humidity are affected by the variation

of the sea surface temperature, which is often taken as

evidence for the upper-tropospheric water vapor feedback

(Minschwaner and Dessler 2004; Gettelman and Fu

2008; Chuang et al. 2010). Instead of using the whole-

tropics mean SST, previous investigators usually used

SST over regions whose rain rates exceed a certain

threshold (Chuang et al. 2010), or outgoing longwave

radiation (OLR) is smaller than some prescribed values

(Minschwaner and Dessler 2004). This reflects the un-

derstanding that it is within the deep convective region
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that near-surface air directly communicates its influence

to the upper troposphere.

The influence of SST on the upper-tropospheric air

properties near convective outflow can also be under-

stood through a new conceptual paradigm that has re-

cently been established to explain the distribution of

tropical upper-tropospheric humidity (UTH), that is, the

so-called advection–condensation model (Sherwood 1996;

Pierrehumbert and Roca 1998; Dessler and Sherwood

2000; Pierrehumbert et al. 2007; Sherwood et al. 2010).

The essence of the ‘‘advection–condensation’’ model is

conservation of specific humidity (q) along a Lagrangian

trajectory: since q remains conserved in the absence of

sources or sinks, its value at a particular location in the

free troposphere is simply determined by the lowest

saturation value that the air parcel has experienced since

its departure from the boundary layer. According to this

model, the distribution of UTH can be viewed, in a La-

grangian perspective, as being controlled largely by two

factors: the ‘‘last saturation point’’ (usually where air

leaves the convective region in outflows) and the sub-

sequent 3D wind field. The influence of SST on the last

saturation point can be studied by examining the SST

dependence of air properties near the convective outflow,

and this influence will be felt, through subsequent advec-

tion, by much of the tropics that are nonconvective. In this

study, we investigate the influence of SST on humidity

and temperature in the outflow of tropical deep convec-

tion using a unique dataset—Measurement of Ozone and

Water Vapor by Airbus In-Service Aircraft (MOZAIC)—

with multiple years of high-quality, in situ measurements

near tropical deep convection. If there is a feedback mech-

anism based on the coupling between upper-tropospheric

water vapor and the SST through deep convection, it

should be manifested in a dependence of humidity near

convective outflow on the underlying SST.

Another topic investigated in this study is the relative

humidity (RH) of outflowing air from deep convection.

It is often implicitly assumed that RH with respect to the

ice phase (RHi) is saturated (100%) in convective outflow,

as is the case in simplified models such as the advection–

condensation model. However, this is an experimentally

unproven assumption. Recent discovery of frequent oc-

currence of ice supersaturation in the upper troposphere,

both inside and outside of clouds, has cast further doubt

upon this assumption1 (e.g., Gierens et al. 2000; Jensen

et al. 2001; Peter et al. 2008; Luo et al. 2007; Krämer

et al. 2009; among others). Satellite measurements face

two major difficulties in answering this question: 1) ex-

tensive opaque clouds near deep convection often pre-

vent accurate retrieval of humidity and 2) the vertical

resolution of satellite instruments is coarse, further af-

fecting the accuracy of retrieval in view of the fact that

specific humidity changes rapidly with height. The two

most advanced satellite-borne instruments that measure

the upper tropospheric humidity (UTH) are the Atmo-

spheric Infrared Sounder (AIRS) on board Aqua and

the Microwave Limb Sounder (MLS) on board Aura,

flying in formation as members of the A-Train constel-

lation (Stephens et al. 2002). AIRS UTH measurements

are limited to where the effective cloud fraction over a

45 km 3 45 km area is lower than 70%–80% (Susskind

et al. 2006; Gettelman et al. 2006), whereas MLS re-

trieval is affected by scattering due to large ice particles

(Wu et al. 2006), a situation that is often encountered

near deep convective outflow. The vertical resolution

for AIRS measurements of specific humidity and tem-

perature is approximately 2–3 km (Maddy and Barnet

2008); MLS mainly suffers from coarse horizontal reso-

lution (;165 km) owing to the limb sounding geometry

(Livesey et al. 2006). Fetzer et al. (2008) provided a de-

tailed comparison of upper-tropospheric water vapor

(UTWV) measured by the two instruments. Operational

radiosondes are another potential source of UTH mea-

surements; however, they lose accuracy and precision at

temperatures lower than 2408C (Elliot and Gaffen 1991;

Wang et al. 2003) and may be expelled from rapidly

ascending air or even destroyed if the balloon gets close

to the convective core. Research aircraft carrying research-

type humidity instrumentation should, in principle, pro-

vide high quality data. Indeed, the prevalence of ice

supersaturation in the upper troposphere was first es-

tablished by these high-accuracy aircraft measurements,

and a recent study by Krämer et al. (2009) conducted

a comprehensive analysis of aircraft observations con-

trasting RHi inside and outside cirrus. Nevertheless, the

campaign-style aircraft measurements are generally very

limited in space and time. Most of them do not fly close to

convective systems to sample the outflow air [with a no-

table exception of the Cirrus Regional Study of Tropical

Anvils and Cirrus Layers–Florida-Area Cirrus Experiment

(CRYSTAL-FACE; www.espo.nasa.gov/crystalface/

index.html)].

In this study, we draw upon a unique data source from

the MOZAIC project that collects high-quality (5%–7%)

and long-term (over 10 years) measurements of tem-

perature, water vapor, and other trace gases from in-

struments on board commercial aircraft. Oftentimes

commercial aircraft have to fly through deep convective

1 An international workshop was held in Karlsruhe, Germany,

on 12–15 June 2007 to specifically address the subject of ice su-

persaturation in the upper troposphere; the workshop report (Peter

et al. 2008) summarizes our current understanding of the problem

based on field observations, laboratory work, modeling, and the-

oretical studies.
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clouds, especially when crossing the ITCZ (although

pilots usually try to avoid convective cores). An un-

fortunate example was the Air France 477 en route from

Rio de Janeiro to Paris that crashed inside a convective

system over the tropical Atlantic in June 2009. One of the

airlines that carries the MOZAIC instrument is Air

France, and this route from Brazil to Europe is exactly

where our data are collected for this study. Multiple

years of MOZAIC data thus become a valuable source

for answering the questions raised above. Specifically,

we report humidity measurements from MOZAIC in

close proximity to deep convection over the tropical

Atlantic Ocean and investigate their dependence on

SST. (Section 2 describes how we decide whether a

measurement is made near convective outflow). Figure 1

shows the flight corridor. The data cover the period from

September 1994 to April 2000.2 To stay close to the

convective zone of the tropical Atlantic, we limit our

analysis to the latitude band 08–108N (see Fig. 1). Over

this region, SST for the identified convective cases varies

temporally and spatially by ;38C.

2. Data description and analysis method

MOZAIC is a project for which passenger aircraft are

equipped with accurate semiautomatic sensors that, in

phase 1 from 1994 to 2003, measured relative humidity

(RH), temperature (T), and ozone on scheduled flights

(Marenco et al. 1998). Specific humidity (q) is calculated

from RH and T. Relative humidity is measured at cruise

level with a total uncertainty of 5%–7% RH. Details on

the water vapor instrumentation can be found in Helten

et al. (1998, 1999). Temperature is measured with two

sensors: 1) a platinum resistance thermometer, packed

together with the humidity-sensing device inside a

Rosemount B102 housing, approximately 7 m aft from

the aircraft nose and 2) the thermometer of the aircraft,

located near the housing. Both thermometers have a

nominal accuracy of 0.28C. Due to adiabatic compression,

the measured dynamic temperature is about 308C higher

than the static atmospheric temperature. Both tempera-

ture sensors, after conversion to static temperature, usu-

ally agree to within a few tenths of a degree. However,

probably owing to a fast change of the aircraft’s angle of

attack or turbulence, larger deviations were sometimes

observed. Figure 2 shows the histogram of the differences

of the two temperature sensors in the tropical Atlantic

region from 1994 to 2000 when MOZAIC aircraft were

within 100–200 km of deep convection. It shows that the

two sensors occasionally exhibited differences greater

than 2 K: altogether there were 115 events out of a total

of 2347 with differences greater than 2 K. Those differ-

ences were randomly distributed between 2 and 17 K.

Those events have been lumped together and are shown

at 2.1 K in Fig. 2. To screen out these data, all mea-

surements of RH and T where the two temperature

sensors differ by more than 0.58C have been discarded.

Under these precautions the uncertainty of the temper-

ature measurement is close in value to the uncertainty

of T ’ 0.58C, as already given in Helten et al. (1998).

Dynamic relative humidity (RHd) is measured directly

FIG. 1. Number of flights in bins of 18 latitude 3 18 longitude from

September 1994 to April 2000. Our analysis in this study is limited

to 08–108N.

FIG. 2. Normalized number of observations of absolute differences

between two temperature sensors, each on three different aircraft.

2 After 2000, MOZAIC aircraft were often deployed to fly out-

side of the tropical Atlantic region. Note that it is entirely up to the

airlines to decide which routes these commercial aircraft fly.
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and converted to static relative humidity using the

temperature sensor in the humidity Rosemount housing

(Helten et al. 1998). At an uncertainty of 0.58 of the

temperature sensor, the accuracy of the humidity sensor

is not adversely affected. The time resolution of the

MOZAIC humidity measurements in the upper tro-

posphere is 1 min, which, at cruising speed, corresponds

to a spatial resolution of about 15 km. In the tropical

regions, MOZAIC aircraft at cruising altitude fly at five

discrete pressure levels: 288, 262, 238, 217, and 197 hPa

(about 10–12 km). Over the tropical Atlantic, the most

prominent flight levels are 238 and 262 hPa.

In support of the MOZAIC project, Météo-France,

the French weather service, calculated 3D back trajec-

tories (based on European Centre for Medium-Range

Weather Forecasts analysis winds at the spatial and

temporal resolutions of 0.58 and 6 h) starting from the

location of each MOZAIC measurement and tracing

backward in time for two days. This helps diagnose how

far a sampled air parcel (by MOZAIC) has traveled from

the originating convection. A number of ways could be

utilized to identify deep convective clouds from satellite.

Here we use cloud-top temperature (CTT) inferred from

IR sensors because of its availability both day and night.

Specifically, we use the European Organisation for the

Exploitation of Meteorological Satellites (EUMETSAT)

Climate Data Set (CDS) (EUMETSAT 1999). The raw

satellite data (Meteosat) have pixels of 5 km 3 5 km;

however, EUMETSAT CDS groups them into segments,

each consisting of 32 3 32 pixels (i.e., 160 km 3 160 km).

Each segment is then divided into up to five clusters

corresponding to areas with discrete optical properties

or clouds of different altitude ranges. We first define

the deep convective region as CDS segments that have

CTT , 240 K. The convective origin of a MOZAIC

measurement is identified by searching backward along

each trajectory until a deep convective segment is encoun-

tered, following Nawrath (2002). To ensure a MOZAIC

measurement was, indeed, made within the vicinity of

deep convection outflow, we further impose the following

stringent conditions: 1) back trajectories indicate zero

time (t 5 0) from the MOZAIC measurement to the

segment containing deep convection, 2) deep convective

clouds (i.e., CTT , 240 K) cover 100% of the segment,

and 3) CTT # TAC, where TAC is the temperature at the

aircraft altitude. The last condition requires that deep

convective clouds extend to above the aircraft flight

level (200–300 hPa). Since most of the TAC at the cruise

level is ,230 K, we actually require that CTT be much

colder than the 240-K threshold. Admittedly, use of CTT

could select high-level clouds of nonconvective nature

(such as cirrus formed in situ). However, the aforemen-

tioned three conditions make this highly unlikely.

As shown by Luo and Rossow (2004), tropical cirrus

that form in situ well away from deep convection are

usually optically thin (optical thickness ,1) and semi-

transparent. As such, the IR-derived CTTs have a sig-

nificant warm bias (usually .260 K). Hence, to have

CTT , 240 K throughout the whole 160 km 3 160 km

regions, clearly indicates the presence of deep convection

and associated cirrus anvils (i.e., convective outflow). Our

visual examination of satellite images also supports this

conclusion.

SST data used in this study are from the Reynolds weekly

average, 18 latitude/longitude SST dataset (Reynolds

et al. 2002). They are obtained from the Columbia Uni-

versity International Research Institute (IRI) for Climate

and Society Data Library. We use linear interpolation in

time to get the SST for the time of each MOZAIC ob-

servation. There is some uncertainty in using weekly av-

eraged SST to represent the surface condition associated

with deep convection because large convective systems

can create mesoscale SST anomalies (e.g., Soloviev et al.

2002). Indeed, most cases analyzed in this study show

that SST tends to be slightly colder a few days after the

convection than a few days before (note that the Reynolds

weekly SST data are centered on Wednesdays during

1996–2000). This suggests that convection cools the ocean

surface. Nevertheless, using temporal interpolation be-

tween two bracketing Wednesdays will partially alleviate

this problem.

3. Relative humidity near convective outflow

Histograms of relative humidity over ice (RHi) in the

outflow of deep convection (t 5 0) are presented in Fig. 3

(top panel). Only data from the 238-hPa cruise level is

shown. The humidity distribution is unimodal with a

most likely RHi at 114%: a similar result was also noted

in Kley et al. (2007). The unimodal distribution remains

as we gradually relax the cold cloud coverage to lower

values (i.e., lower than 100% cloud cover). The only

change is that the RHi mode shifts to slightly lower

values (110%). However, when the segmental coverage

with cold clouds was lowered to below 70%, bimodality

starts to emerge. The bottom panel of Fig. 3 shows a

histogram of RHi for cold cloud coverage lower than

30% (but t 5 0 still holds): it shows a dry mode at around

40% and a moist mode, now at about ice saturation

(100%). The bimodal distribution as shown in the bot-

tom panel in Fig. 3 is similar to that observed by Zhang

et al. (2003), who attributed the two modes to two key

processes controlling UTH, namely, convective moist-

ening and subsidence drying.

The different RHi distributions, as shown in Fig. 3, can

be understood as aircraft sampling different areas in
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the vicinity of convective systems. Recall that inside of

a given segment of the CDS data (160 km 3 160 km),

a single convective pixel (5 km 3 5 km) with a suffi-

ciently low cloud-top temperature suffices to stop the

back trajectory search and label the segment as the

convective origin (t 5 0). For the cases that have cold

cloud coverage equal to 100% (Fig. 3a), the MOZAIC

measurements were most likely made deep inside a

convective system. Otherwise, it would be hard to see

all of the 160 km 3 160 km area covered with IR-derived

CTT , 240 K; cirrus formed in situ tend to have a warm

IR brightness temperature, as shown in Luo and Rossow

(2004). For the cases where cold cloud coverage is ,30%

(and t 5 0), the flights were probably just bordering the

convective system.3 In the next section (section 4), which

focuses on the influence of SST on air property in the

convective outflow, we exclude measurements that are

shown in the bottom panel of Fig. 3 (because we are not

certain that these data were actually collected in close

proximity of deep convection), and limit our analysis to

cases with cold cloud coverage 5 100% only.

The finding that the RHi mode is 114% deep inside

convective outflow but drops to 100% in the outskirts of

a convective system deserves further discussion. It is

well understood that, in the case of scarcity of ice nuclei,

ice supersaturation can be achieved in the cold upper

troposphere until RHi exceeds the homogeneous freezing

threshold. Once this threshold is reached and ice particles

start to form, they will consume moisture and reduce the

humidity level back to a dynamical equilibrium. Krämer

et al. (2009) used an observation-based model to study

the dynamical equilibrium of cirrus clouds. According to

their model, the relaxation time to bring RHi back to

dynamical equilibrium depends on a number of factors,

including ice particle size, number density, temperature,

and vertical velocity, but is generally on the order of

a few minutes to tens of minutes. The dynamical equi-

librium value for RHi also varies with these factors, with

vertical velocity playing a particularly important role.

For temperatures relevant to the MOZAIC measure-

ments (;230 K), the dynamical equilibrium RHi is close

to 100% for low vertical velocity, O(1 cm s21), but rea-

ches ;110% for high vertical velocity O(1 m s21). If

we assume the most frequent RHi value from MOZAIC

measurements—namely, the mode as shown in Fig. 3—

represents the observational equivalent of the dynamical

equilibrium RHi (i.e., assuming multiple years of aircraft

measurements do not favor any transient state), Fig. 3

can be interpreted as suggesting that 1) relatively large

vertical velocity O(1 m s21) prevails deep inside con-

vective outflow where RHi mode is at ;114% and 2)

vertical velocity becomes much smaller O(1 cm s21)

toward the fringe of the convective system where RHi

mode is close to 100%. This interpretation is consistent

with our general understanding of the vertical motions

associated with a mesoscale convective system (e.g.,

Houze 1993): mesoscale updraft dominates the regions

near stratiform precipitation (which is connected to

convective cores that aircraft try to avoid) and the ver-

tical motion starts to taper off as we move away from the

center of the convective system. Another factor that

affects RHi is mixing: moving away from the convective

cores, there is more opportunity for outflowing air to

mix with the surroundings, which reduces RHi, although

this effect is difficult to quantify. Finally, we note that

vertical velocity O(1 m s21) is unlikely seen in cirrus of

nonconvective origin. For the cirrus cases collected by

Krämer et al. (2009), where the RHi mode is close to

100% (except at temperatures colder than 205 K where

the nucleation process is extremely slow), they are

FIG. 3. Histogram of RHi at 238 hPa for (top) cold cloud cov-

erage 5 100% and (bottom) cold cloud coverage , 30%. For both

cases MOZAIC observations were made near convective outflow

(back trajectory t 5 0).

3 It should be admitted that this interpretation holds best in

a statistical sense. The next paragraph, which discusses possible

reasons for the difference in RHi distribution, seems to lend sup-

port to this interpretation.
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probably cirrus of nonconvective origin or in situ cirrus

that has smaller vertical velocity. Luo and Rossow (2004)

showed that more than half of the tropical cirrus form in

situ well away from convection. Hence, our analysis here

complements previous aircraft studies in the sense that it

presents an observation of relative humidity in a vigor-

ously convecting environment. At the other main cruise

level (262 hPa), very similar results (not shown) were

obtained.

4. SST dependence of upper-tropospheric
temperature and humidity near
convective outflow

Deep convection is an effective channel through which

near-surface air directly communicates its influence to the

upper troposphere. Because of the short time scale for

convection (on the order of 1 h), certain variables such as

equivalent potential temperature (ue) and moist static

energy (MSE) are nearly conserved (apart from freezing

effects), so we expect that air in the convective outflow

shares some of the signatures of the near-surface air

[although entrainment of the environment air can dilute

the surface influence, Kley et al. (2007)]. Hence, we ex-

pect that SST has some influence on the air properties

within convective outflow. This influence will then be

passed on to the rest of the tropics (most of which are not

actively convecting) through the large-scale circulation.

In this section, we investigate how upper-tropospheric

temperature and humidity near the convective outflow

are related to the SST. We focus on the two prevalent

cruise levels—238 and 262 hPa. MOZAIC aircraft fly

less frequently on the other three levels, so too few cases

are found there and no statistically robust conclusion

can be drawn for them.

For the 238-hPa level, a total of 106 data points pass

the stringent selection conditions for being near con-

vective outflow (see section 2 for details). The 262-hPa

level has 90 data points. The corresponding SST ranges

from 299.3 to 302.1 K. This is consistent with previous

findings by Graham and Barnett (1987), Waliser and

Graham (1993), and others, who found that deep con-

vection over the tropical ocean is predominantly con-

fined to areas with SST $ 299.5 K. Figures 4–6 show

the 238-hPa RHi, specific humidity q, and temperature

T, plotted versus the collocated SST. The logarithm of

specific humidity is shown such that the regression

slope represents the fractional change, that is, q21dq/dSTT.

Linear least squares fits with regression uncertainty

(95% confidence limit) are also shown in the figures.

To put the discussion of these relationships in a relevant

context, we consider the Clausius–Clapeyron relation,

which gives

dRHi

dSST
5 RHi

1

q

dq

dSST
2 RHi

L

RT2

dT

dSST
, (1)

where L is the latent heat of sublimation (2.83 3

106 J kg21) and R is the gas constant for water vapor

(461.5 J K21 kg21). Figure 4 shows that RHi does not

change much with SST. The slight increasing trend (1.1 6

3.1% RHi K21) is not statistically significant; it goes

from small negative values (22.0% RHi K21) to small

positive values (4.2% RHi K21) when the standard de-

viation of the slope (shown as the dashed lines in Fig. 4)

is considered. In contrast, both q and T increase with

SST (Figs. 5 and 6, also see Table 1 for numerical values).

The increase in rates for q21dq/dSTT and dT/dSST, as

derived from the linear regressions, are 0.18 6 0.033 K21

and 1.4 6 0.16 K K21, respectively. Substituting these

values into Eq. (1) and using the average RHi (108%) and

T (229.5 K), we obtain the first term on the rhs of Eq. (1),

namely,

RHi

1

q

dq

dSST
,

as 19.4% RHi K21 and the second term,

RHi

L

RT 2

dT

dSST
,

as 17.2% RHi K21. The left-hand side, dRHi/dSST, is

thus equal to 19.4% 2 17.2% 5 2.2% RHi K21. This is

somewhat different from the observed value through

linear regression, which is 1.1% RHi K21. But this dif-

ference should be interpreted in a proper context: 1) the

nonlinear effect is ignored in the calculation above; that

is, we use the linear averages of RHi and T in evaluating

FIG. 4. Scatterplot of RHi for cruise level 238 hPa near convec-

tion (t 5 0) against the collocated SST. Linear least squares fits with

uncertainty (95% confidence limit) are also shown.
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Eq. (1), which could introduce some errors. 2) The error

bar for dRHi/dSST is 3.1% RHi K21, so the observed

dRHi/dSST ranges from 22.0 i to 4.2% RHi K21. In light

of these uncertainties, we thus consider our calculation

based on the Clausius–Clapeyron relation (2.2% RHi K21)

not significantly different from the observed value (1.1%

RHi K21). Note that dRHi/dSST is just a small residual

of two large numbers that are about one order of mag-

nitude greater.

The increase rate of q with SST, as derived from

MOZAIC (0.18 K21), is very similar to that by Chuang

et al. (2010), who used AIRS data to show that q21dq/

dSTT is ;0.18 K21 for the 250-hPa level, although they

use the whole-tropics averaged q (but SST is from the

average over convective regions), while our analysis is

done locally in the vicinity of deep convective outflow. Su

et al. (2006) analyzed tropical upper-tropospheric water

vapor data in terms of column integration between 316

and 147 hPa from the MLS on board the Aura satellite

and found that, for SST $ 300 K, d ln(H2O)/dSST 5

0.17 K21, where H2O refers to the column-integrated wa-

ter vapor mass. So, in situ measurements from MOZAIC

corroborate previous studies using satellite data.4 More-

over, with independent in situ measurements of temper-

ature and humidity from MOZAIC, we are able to further

decompose the SST dependence of the relative humidity

to those due to changes in specific humidity and tem-

perature. For satellite retrieval, however, temperature

and humidity signals are always entangled in the radiative

transfer equation (i.e., the Schwarzchild equation).

Analysis for the 262-hPa level gives similar q21dq/dSTT:

;0.16 (see Table 1 for a summary of SST dependence of

temperature and humidity for the two prevalent cruise

levels). However, temperature increases with SST at a

somewhat slower rate than that at the 238-hPa level

(0.69 K K21), resulting in a larger dRHi/dSST at about

8.8% RHi K21. It is not immediately clear to us what ac-

counts for the differences between the 262- and 238-hPa

levels. Especially puzzling is dT/dSST , 1 for the 262-hPa

level. Undiluted moist adiabatic ascent should produce

dT/dSST . 1. A few possible reasons could account for the

small dT/dSST: 1) uncertainties in collocated SST; 2) en-

trainment of environment air during ascent, which may

dilute the SST influence; and 3) measurements being made

not close enough to the convective cores, thus allowing

mixing with ambient air. Since there are only 90 data

points for the 262-hPa level, it is possible that these errors

affect our results. When more data points are collected by

MOZAIC in the future, we will revisit the problem.

FIG. 5. Scatterplot of specific humidity q (in natural logarithm)

for cruise level 238 hPa near convection (t 5 0) versus the collo-

cated SST. Linear least squares fits with uncertainty (95% confi-

dence limit) are also shown.

FIG. 6. Scatterplot of temperature observations (kelvin) for

cruise level 238 hPa near convection (t 5 0) against the collocated

SST. Linear least squares fits with uncertainty (95% confidence

limit) are also shown.

TABLE 1. Dependence of T, RHi, and q on SST for two prom-

inent flight levels (238 and 262 hPa). The numbers in the paren-

thesis are 95% confidence intervals for the regressed slopes.

dT/dSST

(K21 K)

dRHi/dSST

(% K21)

q21dq/dSTT

(K21)

238 hPa 1.4 (0.16) 1.1 (3.1) 0.18 (0.033)

262 hPa 0.69 (0.13) 8.8 (3.4) 0.16 (0.037)

4 One note of caution is that previous satellite studies examined

q variations over the whole tropics (although they only use SST

over convective regions), whereas our analysis is confined to near

convective outflow. Since satellites have a more complete spatial/

temporal coverage, a future study can be planned to analyze sat-

ellite data the same way as was done with MOZAIC.
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5. Conclusions and discussion

Tropical deep convection plays a critical role in

communicating the influence of the surface to the upper

troposphere. If there is a feedback mechanism based on

the coupling between upper-tropospheric water vapor

and the SST through convection, it should be manifested

in a dependence of humidity near convective outflow on

the underlying SST. One purpose of this work is to study

the variations of the upper-tropospheric humidity in the

vicinity of deep convection and to investigate the in-

fluence of SST on air properties in the outflow of deep

convection using a unique dataset, Measurement of

Ozone and Water Vapor by Airbus In-Service Aircraft

(MOZAIC). Another subject investigated is the distri-

bution of relative humidity in convective outflow. It is of-

ten implicitly assumed that relative humidity with respect

to the ice phase (RHi) is saturated (100%) in convective

outflow, as in some simplified models. Recent discovery

of the frequent occurrence of ice supersaturation in the

upper troposphere casts doubt upon this assumption.

While previous aircraft measurements investigated the

distribution of RHi inside cirrus clouds, no particular at-

tention has been paid to deep convective outflow where

air motions are more vigorous than most cirrus cases,

especially those cirrus that form in situ away from con-

vection. The main findings are summarized as follows:

1) The distribution of relative humidity with respect to

ice depends on where a convective system is sampled

by the MOZAIC aircraft: deep inside the system, RHi

is unimodal with the mode at ;114% (i.e., supersat-

urated); near the outskirts of the system, a bimodal

distribution of RHi starts to emerge with a dry mode

at around 40% and a moist mode at about 100%. We

compare our results with previous studies using in situ

measurements and model simulations. It is suggested

that the difference in RHi distribution can be ex-

plained by the variation of vertical motions associated

with a convective system from the center to the fringe.

2) The fractional increase of specific humidity with SST,

q21dq/dSTT, is 0.16–0.18 for two prevalent cruise

levels (262 and 238 hPa). These values agree well

with previous studies using satellite data. Moreover,

since MOZAIC makes independent measurements

of temperature and humidity, we further analyze the

SST dependence of RHi and temperature individu-

ally. Temperature increases with SST for both prev-

alent flight levels (238 and 262 hPa); RHi stays close

to constant with respect to SST for the 238-hPa level

but shows an increasing trend for the 262-hPa level.

This is the first time, to our knowledge, that long-term

and high-accuracy aircraft measurements of humidity

have been utilized to study the moisture distribution and

its SST dependence in the vicinity of tropical deep con-

vective flow. Analysis conducted in this study helps clarify

some relationships as seen from satellites. It also repre-

sents a unique observational basis against which GCM

simulations of upper-tropospheric humidity and its con-

nection to deep convection and SST can be evaluated. Our

ongoing research seeks to match MOZAIC measurements

with advanced satellite cloud products (e.g., CloudSat) to

better understand the relation between UTH and con-

vective properties.
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