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[1] Impacts of the Madden-Julian oscillation (MJO) on the water vapor (H2O) and
carbon monoxide (CO) abundances in the tropical tropopause layer (TTL) are investigated
using Aura Microwave Limb Sounder (MLS) data for November 2004 to May 2005.
The effects of the eastward propagation of MJO on H2O and CO abundances in the
TTL are evident. Deep convection transports H2O into the upper troposphere up to
about the 355- to 365-K level. Around the 365- to 375-K level, a dry anomaly is
collocated with a cold anomaly, which is above a warm anomaly located near the
region of convection enhancement. Tropical mean H2O at 375 K is regulated by the
MJO through convection enhancement and is coherent with the local MJO-related
temperature variation. The locations of dehydration follow the eastward propagation
of convection enhancement, and its area extent depends on the phase of the MJO.
Enhancement of deep convection associated with the MJO also injects CO from the lower
troposphere to the TTL up to 375 K. However, tropical mean CO at 375 K responds
instantaneously to the large injection event occurring over the African continent.
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1. Introduction

[2] Understanding the physical and chemical processes
that regulate the chemical composition of the upper tropo-
sphere and lower stratosphere (UT/LS) is an important goal
of the scientific community. One particularly important but
poorly studied area is the interaction between overshooting
convection and large-scale processes occurring in the trop-
ical tropopause layer (TTL), a transition region between the
troposphere and stratosphere (�14–19 km, �355–400 K
potential temperature) [Folkins et al., 1999; Sherwood and
Dessler, 2000, 2001; Gettelman et al., 2002a, 2004].
Sherwood and Dessler [2001] showed that the observed
H2O and O3 profiles can be reproduced by a model that
incorporated overshooting convection. In subsequent papers,
they also show that this model can explain the seasonal cycle
of trace gases in the TTL [Sherwood and Dessler, 2003] and
the abundance of water’s isotopes [Dessler and Sherwood,
2003]. Dessler [2002] used measurements of O3 and CO to
estimate that about 60% of the mass crossing the 380 K
surface is detrained above 370 K.
[3] Models that do not explicitly include overshooting

deep convection [Fueglistaler et al., 2004; Read et al.,
2004a; Gettelman et al., 2002b; Holton and Gettelman,
2001] have shown that slow ascent of air parcels followed
by rapid horizontal transport that brings air parcels through
regions of cold temperatures (cold trap) in the TTL can

also reproduce H2O and ice fields compared to observa-
tions. The cold trap is identified as the region of coldest
temperatures in the TTL, mainly over the western Pacific
Ocean.
[4] Studying variations in tropical convective activity and

the associated variations in chemical constituents provides a
means to understand how deep convection affects the
chemical composition of the UT/LS. One of the strongest
variations in tropical convective activity is an eastward
propagation of convection with a timescale of 30–60 days,
known as the tropical intraseasonal oscillation or Madden-
Julian oscillation (MJO) [Madden and Julian, 1971, 1972,
1994]. The MJO involves an interaction between large-scale
tropical dynamical systems and convection, and its observed
structure is well documented although the underlying
mechanisms are still elusive [Kiladis et al., 2005, and
references therein].
[5] In general, regions of enhanced deep convection,

represented by a reduction in outgoing longwave radiation
(OLR), are observed moving eastward with anomalies in
200-hPa wind divergence with a timescale of 30–60 days.
Deep convection transports water vapor as well as other
chemical constituents from the lower troposphere to the
upper troposphere [Dessler, 2002; Pickering et al., 1996]. It
also warms the troposphere by releasing latent heat. In the
TTL, overshooting deep convection reduces the local tem-
perature [Sherwood et al., 2003; Kuang and Bretherton,
2004; Wu et al., 2006; Holloway and Neelin, 2006].
Convection can affect H2O through either direct injection
of moist or dry air or indirectly by cooling the TTL, which
leads to loss of H2O by condensation and precipitation.
Consequently, it is natural to expect that H2O and other
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constituents may be influenced by the MJO through the
eastward migration of convection enhancement.
[6] Mote et al. [2000] and Sassi et al. [2002] investigated

the influence of MJO on H2O in the UT/LS region using the
Microwave Limb Sounder (MLS) [Read et al., 2004b] on
the Upper Atmosphere Research Satellite [e.g., Dessler et
al., 1998]. They found that eastward movements of H2O
and relative humidity anomalies at 215 and 100 hPa were
coherent with the movements of the deep convective
activity and temperature anomalies in the Eastern Hemi-
sphere (roughly around 60�–180�E). Convection associated
with the MJO moistens at 146 hPa and dries at 100 hPa
[Mote et al., 2000].
[7] In this paper, we study H2O and CO in the TTL and

investigate how the tropical mean H2O and CO entering the
lower stratosphere are regulated by the MJO. In the TTL,
both H2O and CO are influenced by deep convection, which
transports air from the lower troposphere into the UT/LS.
However, the ability of H2O to be removed by condensation
followed by precipitation makes its abundance sensitive to
temperature variations, while CO is not. Comparing how
these two constituents respond to variations in convective
activity and temperature therefore provides information
about transport and dehydration processes in the TTL.

2. Data Resources

[8] We analyze intraseasonal variations of H2O and CO
volume mixing ratios from Aura MLS level-2 data (version
1.51) for the period November 2004 to May 2005, a season
that includes the main biomass burning season of the
equatorial Africa [Duncan et al., 2003] and TTL is colder
than the rest of the year. H2O is retrieved with a vertical
resolution of about 3 km in the UT/LS and with an expected
accuracy of 10% [Livesey et al., 2005]. CO is retrieved
with a vertical resolution of about 4.5 km in the UT/LS.
CO concentration values at 215 hPa have a large positive
bias (�2� larger than values from GEOS-CHEM model)
[Livesey et al., 2005]. As a result, we analyze variations
in CO concentrations in the UT/LS rather than the exact
magnitude of the changes. The Aura MLS data have been
used to study the seasonal variations of CO in the UT/LS
[Schoeberl et al., 2006].
[9] The daily MLS H2O and CO data are averaged into

5� � 5� grid boxes. The original data are given at pressure
levels of 316.2, 215.4, 146.8, 100, and 68.1 hPa in the
UT/LS, corresponding to typical potential temperature
levels of 340–345, 348–351, 354–359, 366–375, and
420–430 K, respectively, in the deep tropics (the ranges
span the longitudinal variations of potential temperatures
of the corresponding pressure levels). In this study, we
have linearly interpolated the data vertically onto potential
temperature surfaces of 345, 355, 365, and 375 K, using
temperatures from NCEP/NCAR reanalysis data [Kalnay
et al., 1996]. Analyzing short-term transport on isentropic
levels can eliminate the effects of large-scale adiabatic
warming/cooling by deep convection (for example, lifting
or sinking of isentropes over deep convection) and can
obtain results that are relevant to diabatic effects related to
convective detrainments.
[10] Daily outgoing longwave radiation (OLR in watt per

square meter) data for the period of November 2004 to

May 2005 are used as a proxy for tropical convective
activity. The OLR data are from the National Oceanic and
Atmospheric Administration (NOAA) interpolated OLR
data set [Liebmann and Smith, 1996].
[11] In order to study the impacts of the MJO, MJO

indices were obtained from the NOAA/Climate Prediction
Center (CPC) Web site (http://www.cpc.noaa.gov/product/
precip/CWlink/daily_mjo_index/mjo_index.shtml). The
indices are computed by applying extended empirical ortho-
gonal function (EEOF) analysis [Weare and Nasstrom,
1982] to pentad velocity potential at 200 hPa with two
successive pentads separated by a time lag of 5 days. We
utilize six indices from the CPC data to represent six phases
of the MJO and name them P1 to P6, respectively. Each
index is associated with a pentad of the first EEOF that
represents a phase of the MJO in which the negative
velocity potential anomalies (divergence of horizontal
winds) at 200 hPa propagate to a certain longitude of the
tropical band. The P1 phase represents a pentad of the first
EEOF with divergence at 200 hPa located around 80�E
over the equator, the P2 phase has the divergence shifted to
about 120�E after about 10 days, the P3 phase to about
140�E after about another 5 days, the P4 phase to about
160�E, the P5 phase to about 40�W, and the P6 phase to
about 20�E. We summarize the location of wind divergence
at 200 hPa in the first EEOF for each phase used in this
study in Table 1. Since the phase speed of MJO propagation
in the Eastern Hemisphere is slower than that in the Western
Hemisphere [Madden and Julian, 1994; Kiladis et al., 2005,
and references therein], we have more indices for the phases
of the MJO in the Eastern Hemisphere.
[12] In this study, we applied 5-day averages for all time

series for consistency with the MJO pentads. This averaging
process reduces the noise in MLS data while retaining the
MJO signals.

3. Composite Analysis

3.1. The MJO Effect on TTL Temperatures

[13] Figure 1 shows a Hovmöller diagram of the OLR
averaged between 10�S and 10�N for November 2004–
May 2005. Kiladis et al. [2005] showed the geographical
daily standard deviation of MJO-filtered OLR for the period
1979–2004 (their Figure 1), and the main variability of OLR
is located at 10�S–10�N. We also test the OLR variability
by averaging over a larger latitude range of 15�S–15�N,
and the results do not change significantly from that shown
in Figure 1. Eastward propagation of deep convection (typi-
cally with OLR < 220 W m�2) is evident over the Indo/
Pacific Ocean and western Pacific Ocean (60�–180�E).
There are also deep convections appearing over the eastern
South America, the Atlantic Ocean around 60�–80�W, and
the African continent (0�–20�E). Over 40�–60�E and 80�–
120�W, there is almost no deep convection.
[14] For each MJO index, we calculate the composite

OLR anomaly by averaging the daily OLR between 10�S

Table 1. MJO Phases Used in This Study and Their Corresponding

Locations of Velocity Divergence at 200 hPa in the First EEOF

P1 P2 P3 P4 P5 P6

80�E 120�E 140�E 160�E 40�W 20�E
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and 10�N from days with that MJO index less than �0.5
and by subtracting the average daily OLR for the whole
period of November 2004–May 2005. Negative (positive)
anomalies mean that convection is enhanced (suppressed)
compared to the period averages. Figure 2 shows the

composite OLR anomalies (as a percentage departure from
the period-average OLR) for the six MJO indices.
[15] From the first index to the fourth one (P1–P4),

enhancement of convection moves from the Indo/Pacific
Ocean (60�–120�E) eastward to the western Pacific Ocean
about 120�–180�E. There is suppression of deep convection
on the east or west flank of the region of convection
enhancement. This suppression of convection is associated
with the downward motion adjacent to the region of con-
vection enhancement [Kiladis et al., 2005 (their Figure 6)].
For the fifth index (P5), enhancement of convection over
the western Pacific Ocean becomes insignificant, and sig-
nificant enhancement of convection occurs near the eastern
coast of South America (around 40�–60�W) and the African
continent (0�–20�E). Meanwhile, strong suppression of
convection occurs over the Indo/Pacific Ocean (60�–
120�E). For the sixth index (P6), convection enhancement
over the eastern coast of South America and the African
continent becomes marginally significant, and area of sup-
pression of convection shifts to about 120�–180�E. Note
also that the MJO-related convection enhancement is stron-
ger in the Indian and Pacific oceans (P1–P4) than in South
America and Africa (P5 and P6).
[16] Figure 3 shows the composites of tropical mean

(10�S–10�N) temperature anomalies on potential tempera-

Figure 1. Outgoing longwave radiation in watt per square
meter for November 2004 to May 2005 averaged between
10�S and 10�N.

Figure 2. Zonal variation of anomalies in outgoing longwave radiation (in watt per square meter)
averaged between 10�S and 10�N for phases of the MJO corresponding to different pentads (see text).
The anomalies are departures from the mean values for November 2004–May 2005.
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ture altitudes of 345–375 K for different phases of MJO.
For P1–P4, a warm anomaly at 345 K is located close to the
longitude of convection enhancement. Clearly, the warm
anomaly propagates eastward from Indian to Pacific Ocean
with the convection enhancement. This warm anomaly is
associated with the balance between convective heating and
adiabatic cooling in the middle-upper troposphere and it tilts
eastward in the vertical, consistent with the upward group
velocity of a forced gravity wave response to the eastward
moving MJO and the associated convective heating [Gill,
1980; Kiladis et al., 2005; Randel et al., 2003; Son S. W.
and Lee S., Intraseasonal variability of the zonal mean
tropical tropopause height, submitted to Journal of the
Atmospheric Sciences, 2006, hereinafter referred to as Son
and Lee, submitted manuscript, 2006]. Directly above the
warm anomaly is a cold anomaly due to adiabatic lofting
caused by convective heating below [Holloway and Neelin,
2006; Sherwood and Dessler, 2003]. The cold anomaly
maximizes in the range of 365–375 K. This vertical
structure is consistent with previous findings using either
reanalysis data [Kiladis et al., 2005] or GPS temperature
sounding [Randel et al., 2003].
[17] From P4 to P6, the warm anomaly at 345–355 K

over the Pacific Ocean at 180�E is gradually replaced by a

cold anomaly when the local enhancement of deep convec-
tion decreases. Over the eastern coast of South America
(40�–60�W) and the African continent (0�–20�E), warm
anomalies arise with the local enhancement in convection
(P4 and P5). There are always cold anomalies located above
the warm anomalies.
[18] For P5 and P6, convection is enhanced mainly over

the eastern South America (40�–60�W) and Africa (0�–
20�E) and is suppressed over the Indo/Pacific Ocean (60�–
120�E in P5) or western Pacific Ocean (120�–180�E in P6).
One sees in P5 that cold anomalies (warm anomalies)
occupy in regions throughout the equatorial band at 365–
375 K (345–355 K) except near the region where convec-
tion is suppressed.
[19] In conclusion, the location and size of TTL temper-

ature anomalies caused by deep convection depend on the
phase of the MJO. In P1–P2, when the convection is
enhanced over the western Pacific Ocean, the associated
cold (warm) anomaly at 365–375 K (345–355 K) is located
in a limited area; in the phases when the convection
enhancement propagates to Atlantic Ocean and Africa (P5
and P6), the corresponding temperature anomalies occupy
larger area of the tropical band. This temporal variation in
the spatial distribution of the cold anomalies at 365–375 K

Figure 3. Longitude-altitude distribution of NCEP temperature anomalies (in Kelvin) averaged between
10�S and 10�N for phases of the MJO corresponding to different pentads. The anomalies are departures
from the mean values for November 2004–May 2005.

D14305 WONG AND DESSLER: MJO EFFECTS ON TTL H2O AND CO

4 of 11

D14305



is relevant to how dehydration depends on the phase of the
MJO through the migration of convection enhancement.

3.2. The MJO Effects on TTL H2O and CO

[20] As we did for temperature, we construct the MJO
composite of anomalies for H2O and CO concentrations
between 10�S and 10�N. Figure 4 shows plots similar to
Figure 3 but for H2O. The significant anomalies are about
±10–20% at 365 K and 20–50% at 345 K, consistent with
the previously published ranges of anomalies for the MJO
[Mote et al., 2000]. These H2O anomalies are also compa-
rable to the seasonal variations of the zonal mean water
vapor at the corresponding levels [Read et al., 2004a]. In
general, the H2O anomalies resemble the temperature
anomalies, with positive (negative) H2O anomalies asso-
ciated with warm (cold) temperature anomalies. However,
there are differences in the details. The H2O anomalies
at 345–355 K are not exactly collocated with the corres-
ponding temperature anomalies. Over regions where
convection is enhanced, H2O is transported from the lower
to the upper troposphere. Therefore increases in H2O
are more closely collocated with enhancements in convec-
tion. Temperature anomalies are the result of the balance
between diabatic and adiabatic heating and the Kelvin-wave
response that tilts the temperature anomalies eastward

[Randel et al., 2003]; therefore they do not exactly line
up with the H2O and OLR anomalies.
[21] At 365–375 K, as was the case of the cold anoma-

lies, the area extent of the dry anomalies depends on the
phase of the MJO. In P1, when the convection is enhanced
over the western Pacific Ocean, the associated dry anomaly
at 365–375 K is located in a limited area; in the phases
when the convection enhancement propagates to Atlantic
Ocean and Africa (P5), the corresponding H2O anomalies
occupy larger area of the tropical band.
[22] Despite a clear connection between negative H2O

anomalies with cold temperature anomalies at 365–375 K,
the exact mechanisms connecting these fields are still
unclear. We cannot determine whether it is the synoptic-scale
temperature field, as suggested by Holton and Gettelman
[2001], or the unresolved temperature fluctuations, as sug-
gested by Potter and Holton [1995], or the convective dehy-
dration, as suggested by Sherwood and Dessler [2001].
Clearly, more work on this important question is required.
[23] Figure 5 shows the composites of anomalies for

tropical CO. We note that while CO is photochemically
active, on the timescale of interest here (a few weeks), CO
in the TTL is essentially conserved. Dessler [2002] esti-
mated the lifetime of CO with respect to production and loss
to be a few thousand and a hundred days, respectively.

Figure 4. Similar to Figure 3 but for Aura MLS H2O concentration anomalies. The anomalies are
expressed as percentage change from the mean values for November 2004–May 2005.
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Therefore we can neglect the effects of chemistry on CO
anomalies in this analysis.
[24] Positive (negative) anomalies mean that the CO

concentrations are higher (lower) than the period average.
The source of CO in the TTL is mainly from detrainment of
CO-rich air from convection. Consequently, positive CO
anomalies at 345–355 K are collocated with the area of
enhanced convection, and they therefore tend to line up with
the moist anomalies. Moreover, the positive CO anomalies
associated with the convection enhancement extend to
around 375 K. Finally, the CO enhancement propagates
with the enhancement of convection along the tropical band.

4. Correlation Analysis

4.1. Variations of H2O and CO in the TTL Associated
With the MJO

[25] We investigate the variations of H2O and CO concen-
trations at 365 K averaged in the latitudinal band of 10�S–
10�N. In order to remove long-term variability, we assume
that the long-term variations are sinusoidal with a period of 1
year. The sinusoidal amplitude and phase at each location are
obtained by fitting the data from November 2004 to May
2005. The anomalies are the residues of the time series after
subtraction of the long-term variations.

[26] Figure 6 shows the Hovmöller diagrams of the
variations of H2O and CO anomalies at 365 K. There is
correspondence between deep convection shown in Figure 1
and dry (negative) anomalies shown in the top panel of
Figure 6. The eastward propagation of dry and wet anoma-
lies is evident, indicating that the MJO modulates H2O
in TTL through the eastward migration of convection
enhancement.
[27] For CO, there is also evident eastward propagation of

positive and negative anomalies, showing that convection
enhancement associated with the MJO injects lower tropo-
spheric CO into the TTL (see Figure 5). The three dominant
maxima (in the lower panel of Figure 6) are located over
100�–140�E (Indonesia) around days 0–10 (early November
2004) and over 0�–20�E (Africa) around days 119–139 (late
February–earlyMarch 2005) and days 170–189 (late April–
early May), which correspond to enhancement of local
convective activity related to the MJO (see Figure 1).

4.2. Timescales of the Intraseasonal Variations

[28] Time-lag correlations of the variations of H2O and
CO anomalies in the TTL with their corresponding tropical
mean concentrations at 375 K can further relate the intra-
seasonal variations of the constituents to the MJO. The
tropical mean is defined as the zonally averaged H2O and

Figure 5. Similar to Figure 3 but for Aura MLS CO concentration anomalies. The anomalies are
expressed as percentage change from the mean values for November 2004–May 2005.
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