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Abstract

Measurements from the Microwave Limb Sounder (MLS) on the 68 hPa pressure level
from 1 January 2005 to 31 December 2010 are used to calculate the coherence be-
tween anomalies in the tropical mean mixing ratios of H2O, CO, and N2O, and 100 hPa
temperature. We show that the fluctuations of lower stratospheric water vapor in the5

subseasonal and multiyear time windows are generated by different physical mecha-
nisms. In the subseasonal time window, the spatial pattern of the coherence between
100 hPa temperature and water vapor, and the time lag, show that the variability in
lower stratospheric water vapor is dominated by fluctuations in upwelling forced by the
dissipation of tropical Rossby waves. In the multiyear time window, the variability of10

lower stratospheric water vapor is more strongly coherent with temperature fluctua-
tions on the 100 hPa surface in regions where the annual mean temperature is colder
than 194 K. In addition, the 68 hPa water vapor anomalies lag the 100 hPa temperature
anomalies by roughly 140 days. In this time window, the variability of lower strato-
spheric water vapor is therefore dominated by changes in the temperature dependent15

dehydration efficiency which modulate the water vapor stratospheric entry mixing ratio.
On subseasonal timescales, the spatial pattern of the coherence between 100 hPa tem-
perature and 68 hPa CO anomalies is very similar to the pattern of coherence between
100 hPa temperature and the Real-time Multivariate MJO series 1 (RMM1) index of
the Madden Julian Oscillation (MJO). The MJO therefore has a strong influence on the20

subseasonal variability of CO in the lower stratosphere. The subseasonal 68 hPa CO
and H2O anomalies lag the 100 hPa temperature anomalies by 3.16 and 2.51 days,
respectively. The similarity between the two time lags suggests that the subseasonal
CO anomalies can also be attributed to changes in upwelling. The multiyear variability
in lower stratospheric N2O appears to be dominated by the Quasi Biennial Oscillation25

(QBO).
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1 Introduction

The chemical composition of the stratosphere is strongly affected by the composition
of the air upwelling across the tropopause into the stratosphere. Until recently, it was
believed that this upward flow was driven by the breaking and momentum transfer
of waves in the extratropics (Holton et al., 1995). However, there is increasing evi-5

dence, from both diagnostic interpretations of reanalysis data (Kerr-Munslow and Nor-
ton, 2006; Randel et al., 2008) and model simulations (Boehm and Lee, 2003; Norton,
2006; Garny et al., 2011b) that much of the upwelling in the lower tropical stratosphere
is forced by the dissipation of tropical waves. This upwelling source has been called
the Boehm-Lee-Norton (BLN) mechanism (Ryu and Lee, 2010). We provide additional10

support for this mechanism by demonstrating that much of the tracer variability in trop-
ical lower stratosphere is coherent with tropical Rossby wave activity.

On multiyear timescales, tracer variability in the lower stratosphere is dominated by
upwelling variability associated with the El Nino Southern Oscillation (ENSO) (Garcia
and Randel, 2008; Randel et al., 2009; Calvo et al., 2010) and the Quasi Biennial Os-15

cillation (QBO) (Randel et al., 2004; Fueglistaler and Haynes, 2005; Schoeberl et al.,
2008). It is therefore most appropriate to look for tracer variability from the BLN mech-
anism on subseasonal timescales (30–90 days). The main source of variance in con-
vective activity in this time window is the Madden Julian Oscillation (MJO). During MJO
events, a large envelope of enhanced convection propagates eastward across the In-20

dian Ocean toward the Western Pacific at a speed of 5–8 ms−1 (Zhang, 2005; Monier
et al., 2010). MJO events modulate the generation of Rossby waves, and should there-
fore generate fluctuations in the mixing ratios of chemical tracers in the lower strato-
sphere through the BLN mechanism.

Rossby waves generate wind and pressure anomalies which have characteristic hor-25

izontal patterns near the tropical tropopause (Ryu and Lee, 2010). We compare these
patterns with maps of the coherence between temperature anomalies on the 100 hPa
surface and anomalies in tropical mean lower stratospheric tracer mixing ratios. We
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interpret similarities between the two maps, in the subseasonal time window, as evi-
dence that tracer variability in the lower stratosphere is forced by Rossby waves. We
also calculate maps of the coherence between 100 hPa temperature fluctuations and
tropical mean lower stratospheric tracer anomalies in the multiyear time window. These
maps are compared with the pattern of temperature fluctuations on the 100 hPa surface5

associated with ENSO and the QBO.

Paper overview

The datasets used in the paper are described in Sect. 2. We use measurements of wa-
ter vapor (H2O), carbon monoxide (CO), and nitrous oxide (N2O) from the Microwave
Limb Sounder (MLS) (Waters et al., 2006). The H2O measurements from MLS were10

compared with measurements from the Atmospheric Chemistry Experiment-Fourier
Transform Spectrometer (ACE-FTS) instrument (Bernath et al., 2005). This compari-
son is discussed in the Appendix. In defining the 100 hPa temperature anomalies, we
considered the use of three different reanalysis datasets. This section explains our
choice of temperature data from the Modern Era Retrospective Analysis for Research15

and Application (MERRA) reanalysis. We also discuss how the temperature and chem-
ical tracer anomalies are defined, and in particular, the procedures for the removal of
the mean value, trend, seasonal cycle, and short timescale variability from each time
series.

In Sect. 3, we outline the calculation of the coherence between the anomalies in20

tropical (15◦ S–15◦ N) mean 100 hPa temperature and the anomalies in the tropical
(20◦ S–20◦ N) mean 68 hPa mixing ratios of the chemical tracers. Peaks in the tropi-
cal mean coherence spectrum are interpreted as spectral regions where lower strato-
spheric tracer anomalies are more strongly coupled to 100 hPa temperature anomalies,
and used to select the subseasonal and multiyear time windows.25

The main diagnostic used in this paper is a recently introduced quantity referred to
as the κ̄ statistic (Oliver and Thompson, 2010). As used here, κ̄2 refers to the variance
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in the tropical mean mixing ratio of a chemical tracer that can be attributed to the
temperature anomalies of a particular grid cell on the 100 hPa surface, normalized
by the observed variance of the chemical tracer. The relationship between temperature
fluctuations on the 100 hPa surface and the fluctuations in the mixing ratio of a chemical
tracer will vary with frequency, depending on the relative importance of the relevant5

dynamical modes. In Sect. 4, we calculate maps of the κ̄ statistic in the subseasonal
and multiyear time windows. For the subseasonal time window, we compare the κ̄ maps
of the chemical tracers with κ̄ maps generated using the Real-time Multivariate MJO
series 1 (RMM1) index (Wheeler and Hendon, 2004). For the multiyear time window,
the κ̄ maps of the various chemical tracers are compared with κ̄ maps generated from10

the QBO and ENSO indices.
Convective heating along the equator generates a characteristic boomerang pattern

in dynamical anomalies, with Rossby lobes extending westward from the heat source
on both sides of the equator (Gill, 1980; Hendon and Salby, 1994; Jin and Hoskins,
1995; Ting and Yu, 1998; Tian et al., 2006; Ryu and Lee, 2010). This Rossby wave15

pattern, and its induced lower stratospheric upwelling, evolve over a roughly 16 days
period subsequent to the onset of convective heating at the equator (Ryu and Lee,
2010). In the lower stratosphere, fluctuations in upwelling associated with the BLN
mechanism will occur at a variety of frequencies, depending on the variance in the
generation of Rossby waves by tropical convection. For tracers with vertical gradients,20

changes in upwelling introduce modifications in the local tendency for vertical advec-
tion. The tracer anomalies themselves can therefore be expected to be out of pahse
with the upwelling anomalies. If changes in lower stratospheric upwelling can be re-
garded as roughly in phase with 100 hPa temperature anomalies, tracer anomalies
from the BLN mechanism should lag 100 hPa temperature anomalies. If the phase25

offset between lower stratospheric tracer anomalies and 100 hPa temperature anoma-
lies is independent of frequency, the time interval between the 100 hPa temperature
anomalies and the response of a lower tropospheric tracer should increase with the
period of the upwelling anomaly.
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In the case of water vapor, there is a second mechanism through which changes
in upwelling can be expected to generate anomalies in the lower stratosphere. An up-
welling increase at the tropical tropopause will increase the rate of adiabatic expansion
cooling. In this case, air parcels being advected horizontally and vertically through the
TTL will be exposed to colder temperatures, and a greater frequency of dehydration5

events. Due to the slow ascent rates of the lower stratosphere (Randel et al., 2008), the
time lag associated with the appearance of negative water vapor anomalies in the lower
stratosphere will be considerably longer than time lag discussed above in association
with wave induced changes in vertical advection. This difference in time lags, between
the onset of temperature fluctuations on the 100 hPa surface and the occurrence of a10

water vapor anomaly in the lower stratosphere, provides a method for helping attribute
the origin of water vapor anomalies in the lower stratosphere to a particular physical
mechanism. In Sect. 5, we therefore calculate the time lags in both the subseasonal
and multiyear time windows. In Sect. 6, we summarize the main results of the paper
and discuss its relationship with previous work.15

2 Description of datasets

2.1 MLS: H2O, CO and N2O

The Microwave Limb Sounder (MLS) (Waters et al., 2006) is one of four instruments
on the National Aeronautics and Space Administration (NASA) Earth Observing Satel-
lite (EOS) Aura satellite, launched on 15 July 2004. Although Aura/MLS started tak-20

ing observations on 13 August 2004, this paper focuses on 1 January 2005–31 De-
cember 2010 time period. Aura is in a sun-synchronous near-circular polar orbit as a
member of the constellation of satellites called the A train. MLS observes microwave
emission from molecules such as H2O, CO, N2O in five spectral regions from 118 GHz
to 2.5 THz using seven radiometer devices. The altitude range of MLS is from near25

the ground to ∼90 km and near global in the horizontal, (82◦ S–82◦ N). The MLS can
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take measurements during the day and night, and in the presence of ice clouds and
aerosols that would normally prevent measurements by most other sensors.

This paper uses MLS level 2, v3.3 H2O, CO and N2O measurements (Waters et al.,
2006; Lambert et al., 2007; Read et al., 2007; Vömel et al., 2007). H2O is reported on
55 pressure levels, while CO and N2O are reported on 37 pressure levels. The verti-5

cal resolution for H2O ranges between 2.0 to 3.7 km for pressure levels 316–0.22 hPa,
while the along track horizontal resolution is ∼210–360 km for pressures greater than
4.61 hPa. The across track resolution is 7 km for all pressures. In the TTL, the ver-
tical and along track resolution of the CO measurements is 3.5–5 km and ∼700 km,
respectively. The vertical and along track resolutions of the N2O measurements are10

4–6 km and 300–600 km, respectively. Erroneous profiles have been screened using
status and quality flags, convergence, and precision fields (Lambert et al., 2007; Read
et al., 2007). Profiles with odd status and negative precision outside prescribed quality
and convergence fields were rejected. Cloud status fields are more important below
the 100 hPa pressure level and were not used (Lambert et al., 2007). Negative val-15

ues were considered valid, since their rejection would give rise to positive bias in the
tropical daily mean averages.

2.2 ACE: H2O

The ACE-FTS instrument uses solar occultation (up to 15 sunrises and 15 sunsets
occultations per day) geometry to obtain vertical profiles of up to 82 species (Bernath20

et al., 2005). It was launched on the Scientific Satellite-1 (SCISAT-1), and has been tak-
ing measurements since January 2004. We use version 3.0 water vapor measurements
from this instrument to compare with the 68 hPa MLS water vapor measurements. Due
to the satellite orbit, ACE-FTS measurements from the tropics are available for about
four months per year.25
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2.3 Temperature

2.3.1 ERA-Interim

ERA-Interim is a global atmospheric reanalysis produced by the European Centre
for Medium-Range Weather Forecasts, (ECMWF), and is available from 1979 to the
present (Dee and Uppala, 2009). Atmospheric model and data assimilation techniques5

are improved from ERA-40 (Bouttier and Rabier, 1997). ERA-Interim has 37 pressure
levels and a horizontal resolution of 1.5◦ ×1.5◦. We used the four times per day tem-
perature analyses, obtained from the ECMWF website (http://data-portal.ecmwf.int/
data/d/interim daily/levtype=pl/), to calculate daily mean values at 100 hPa for 2005–
2010. ERA-Interim is a global analysis and has a coarse vertical spacing near the10

tropopause. We chose 100 hPa as the level nearest the tropopause in the 30◦ N–30◦ S
latitude range.

2.3.2 NCEP

The National Center for Environmental Prediction (NCEP) (Kalnay et al., 1996) pro-
vides a global reanalysis product during the period 1948–present. The NCEP reanal-15

ysis has a horizontal resolution of 2.5◦ ×2.5◦, and 17 pressure levels. The NCEP
100 hPa reanalysis temperature data were obtained from the NOAA/PSD website
(http://www.esrl.noaa.gov/psd/).

2.3.3 MERRA

The Modern Era Retrospective Analysis for Research and Application, (MERRA), uses20

NASA’s GEOS-5 data assimilation system (GEOS-5 DAS) (Rienecker et al., 2008). The
data archive covers the period from 1979–present. The GEOS-5 model has a native
resolution of 2/3◦ longitude by 1/2◦ degree latitude (Bosilovich et al., 2008; Rienecker
et al., 2011) but the daily temperatures are reported on a 1.25◦×1.25◦ grid. The model
has 72 vertical levels extending from surface to 0.01 hPa. The 100 hPa temperatures25
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used in this work are obtained from the NASA Goddard Earth Sciences Data and
Information Services Center (GES DISC) website (http://mirador.gsfc.nasa.gov/).

2.4 MJO and QBO/ENSO indices

We use the first of the two multivariate MJO indices (RMM1) obtained from the Cen-
tre for Australian Weather and Climate Research website (http://cawcr.gov.au/staff/5

mwheeler/maproom/RMM/RMM1RMM2.74toRealtime.txt). RMM1 is the first Principal
Component (PC) time series that form the index called the Real-time Multivariate MJO
series 1 (RMM1), (Wheeler and Hendon, 2004).

Monthly QBO indices come from Climate Prediction Center (CPC) website at Na-
tional Oceanic and Atmospheric Administration (NOAA) (http://www.cpc.ncep.noaa.10

gov/data/indices/). The zonally averaged wind index (formally called Singapore winds)
anomalies at 30 and 50 hPa are used as proxies for QBO. In this paper we use only the
50 hPa component.

Monthly data for Global Sea Surface Temperature (SST) ENSO indices (defined as
the average SST anomaly equatorward of 20◦ latitude (north and south) minus the15

average SST poleward of 20◦) are obtained from the university of Washington website,
(http://jisao.washington.edu/data/globalsstenso/).

2.5 Data preparation

2.5.1 Selection of MLS pressure level

Figure 1 shows the averaging kernels of v3.3 MLS H2O measurements on the 82 hPa20

(∼17.7 km) and 68 hPa (∼18.8 km) pressure levels, obtained from the MLS webpage
(http://mls.jpl.nasa.gov/data/ak/). The 82 hPa kernel extends significantly below the
100 hPa level into the troposphere. Although the 68 hPa averaging kernel also has
some weighting below 100 hPa, this weighting should be sufficiently small that the
MLS measurements on this pressure level are most reflective of the stratospheric entry25
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mixing ratio. Although the MLS averaging kernels are species dependent to some ex-
tent, we also use CO and N2O measurements on the 68 hPa level.

The 100–50 hPa pressure range of the 68 hPa averaging kernel shown in Fig. 1 cor-
responds to a height range of roughly 4 km (16.6–20.6 km). The annual mean upwelling
velocity between 17 and 20 km is roughly 0.25 mms−1 (∼8 kmyr−1) (Randel et al.,5

2008). An air parcel would therefore require about 200 days to vertically traverse the
full depth of the MLS averaging kernel. The 68 hPa MLS measurements are therefore
unlikely to capture changes in the stratospheric entry tracer mixing ratio of a chemical
tracer on time scales less than a month.

2.5.2 Selection of MERRA reanalysis for 100 hPa temperature10

The dotted, dashed, and solid lines in Fig. 2a refer to ERA-Interim, NCEP and MERRA
100 hPa temperatures respectively, averaged between 15◦ N and 15◦ S, from 2005 to
2010. Temperatures from the NCEP reanalysis were roughly 2 K higher than the other
two from early-2005 to mid-2007 (Randel et al., 2000; Wong and Dessler, 2007). Af-
ter mid-2007, NCEP temperatures are usually colder than ERA-Interim and MERRA.15

ERA-Interim and MERRA temperatures are usually in good agreement between 2005
and 2010. Figure 2b shows 15-day Lanczos low pass filtered (Duchon, 1979) desea-
sonalized anomalies of the temperature time series shown in Fig. 2a. This figure shows
more clearly the 2005 to mid-2007 warm bias, and 2008–2010 cold bias, of the NCEP
reanalyses relative to ERA-Interim and MERRA.20

Figure 2c–e shows scatterplots of the reanalysis temperature anomalies against one
another. The MERRA and ERA-Interim temperature anomalies are in best agreement,
with a correlation r = 0.906, and slope b = 0.785. The two plots involving NCEP tem-
perature anomalies indicate a tendency for the points to segregate into two groups.
This splitting reflects the warm and cold biases of NCEP temperature anomalies in the25

periods before and after mid-2007 discussed earlier. Given the greater consistency of
the MERRA and ERA-Interim reanalyses, and the finer spatial resolution of the MERRA
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reanalysis, we use MERRA temperatures in our subsequent analysis. However, the re-
sults are similar to those obtained using ERA-Interim temperatures.

2.5.3 Anomaly calculations

Figure 3a–c shows the variation in tropical mean (20◦ S–20◦ N) MLS H2O, CO, and N2O
from 2005 to 2010 on the 68 hPa surface. Figure 3d shows the variation of (15◦ S–15◦ N)5

mean MERRA temperature on the 100 hPa surface. Figure 4a–d shows the anomalies
in tropical mean H2O, CO, and N2O, and temperature, respectively. The anomalies
were calculated from the tropical mean values by removal of the 6 yr (2005–2010)
mean, removal of the seasonal cycle by subtraction of the annual and semi-annual
harmonics, and removal of the linear trends. Our results do not strongly depend on10

whether the trend is removed or retained. There is also a 15-day low pass Lanczos
filtering applied to all daily data to minimize noise.

In Fig. 4e the solid and dashed lines refer to anomalies in monthly mean 100 hPa (re-
scaled) temperature (15◦ N–15◦ S) and 68 hPa water vapor (20◦ N–20◦ S), respectively.
From 2005 to early 2009, the water vapor anomalies lag temperature anomalies by15

several months. The solid and dashed lines of Fig. 4f refer to monthly mean zonal wind
anomalies at 50 hPa (U50) and the ENSO (re-scaled) index respectively. The U50 line
shows a periodicity of approximately 2 yr. Each of the monthly time series has been
smoothed (for plotting purpose only) by applying a 3-month low pass filter.

2.5.4 Exclusion of the first 600 days from N2O time series20

Nitrous oxide and carbon monoxide have common surface sources and are positively
correlated in the tropical troposphere (D’Amelio et al., 2009). In Fig. 5, the N2O anomaly
is plotted against the CO anomaly for the 2005–2010 period. Measurements within the
first 600 days are indicated with open circles, while measurements from day 601 to
day 2191 are indicated with gray plus signs. N2O and CO are anticorrelated during the25

first 600 days with a negative slope b = −0.315 and a correlation r = −0.232. During
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the remaining time period, N2O and CO are positively correlated with a positive slope
b = 0.426 and r = 0.337. The origin of the change in sign of the correlation is unclear.
It may arise from difficulties associated with the definition of the anomalies of the two
tracers, and in particular, the parameterization of the seasonal cycle in terms of the
two harmonics, or the assumption that the two species have linear trends. However,5

because the second part of the N2O anomaly time series was more consistent with
other measurements than the first part, the first 600 days were removed from the N2O
time series.

3 Method

Coherence squared, κ2
10

To calculate the coherence squared (κ2) between anomalies in 68 hPa tropical mean
MLS H2O and tropical mean 100 hPa 15◦ N–15◦ S MERRA temperature, we first define
the auto-covariance functions of temperature, γT, water vapour, γH2O, and the cross-
covariance function, γT,H2O, (e.g. Hans and Francis, 2003).

γT(τ) =
1

N −1

N∑
t=1

(T (t))(T (t+ τ)) (1a)15

γH2O(τ) =
1

N −1

N∑
t=1

(H2O(t))(H2O(t+ τ)) (1b)

γT,H2O(τ) =
1

N −1

N∑
t=1

(T (t+ τ))(H2O(t+ τ)) (1c)

N refers to the total number of days, T (t) and H2O(t) to the temperature and water
vapor anomaly daily time series from Fig. 4b, and τ to a specified time lag. When
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τ = 0, the auto-covariance functions γT and γH2O reduce to the variances σ2
T and σ2

H2O,

while the cross-covariance function, γT,H2O, is reduced to the covariance σ2
T,H2O.

For all frequencies ω ∈ [−1
2 , 1

2 ] (in units of cycles per day), the γ’s are then Fourier
transformed to give the individual power spectra ΓT(ω), ΓH2O(ω), and the cross-
spectrum, ΓT,H2O(ω) (Priestley, 1981).5

ΓT(ω) =
∞∑

τ=−∞
γT(τ) e−2π iτω (2a)

ΓH2O(ω) =
∞∑

τ=−∞
γH2O(τ) e−2π iτω (2b)

ΓT,H2O(ω) =
∞∑

τ=−∞
γT,H2O(τ) e−2π iτω (2c)

Figure 6 shows the power spectra of the temperature and tracer anomalies. Each
power spectrum has been normalized by the number of daily values (N) and the appro-10

priate variance. Due to the removal of the annual and semi annual cycles, the spectra
exhibit minima near periods of 0.5 yr and 1 yr. The temperature and H2O power spectra
have strong QBO features. The N2O spectrum has a weaker QBO feature. All tracer
spectra exhibit variability within the MJO window (30–90 days), but the power is usually
weaker than at longer periods.15

The cross-spectrum, ΓT,H2O(ω), can be expressed in a polar coordinate form as

ΓT,H2O(ω) = AT,H2O(ω) eiΦT,H2O(ω) (3)

where AT,H2O and ΦT,H2O are the amplitude and phase spectra respectively. The ampli-
tude spectrum can then be used to define the coherence squared between temperature
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and water vapor.

κ2
T,H2O

(ω) =
A2

T,H2O(ω)

ΓT(ω)ΓH2O(ω)
(4)

The squared coherence κ2
T,H2O(ω) reduces the complex valued cross-spectrum func-

tion, Γ(ω)T,H2O to a real-valued function of frequency. κ2
T,H2O(ω) is constrained to have

a value between 0 and 1, with 0 indicating an absence of coherence, and 1 indicating5

the maximum possible coherence.
Figure 7a shows the coherence squared κ2

T,H2O between tropical mean 68 hPa H2O
and 100 hPa MERRA temperature. There is a strong narrow peak within the MJO band
(Zhang, 2005) centered at 82 days, and a broad maximum at periods longer than 2 yr.
The width of this maximum suggests that multiyear variability in tropical mean 100 hPa10

temperature anomalies gives rise to a similar response in water vapor, whether the
temperature forcing comes from the QBO or has some other dynamical origin (e.g.
ENSO).

Figure 7b shows the coherence squared of tropical mean 68 hPa CO and N2O with
100 hPa MERRA temperature. CO has a significant coherence with temperature in the15

MJO window, where there are three distinct peaks. N2O also exhibits peaks within the
MJO window, in addition to coherence on multiyear timescales.
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4 The κ̄ statistic

4.1 Derivation

The observed variance of water vapor (σ2
H2O) over a given frequency window [ω1,ω2]

can be calculated from the power spectrum ΓH2O.

σ2
H2O

=

ω2∫
ω1

ΓH2O(ω)dω (5)5

The portion of the variance in water vapor that can be attributed to (or “predicted” by)
temperature is given by (Priestley, 1981),

σ2
p =

ω2∫
ω1

κ2
T,H2O

(ω)ΓH2O(ω)dω (6)

The κ̄ statistic is defined as the square root of the predicted variance normalized by
the observed variance (Oliver and Thompson, 2010).10

κ̄T,H2O =

√√√√ σ2
p

σ2
H2O

(7)

4.2 Spatial patterns in κ̄

We use the definition of κ̄ given in Eq. (7) to calculate the fraction of the variance in
the tropical mean 68 hPa mixing ratio of a chemical tracer that can be attributed to
MERRA temperature fluctuations at individual grid cells on the 100 hPa surface. The15

spatial pattern of a κ̄ map will depend on the time window over which it is defined. We
calculate κ̄ using particular frequency windows in Eqs. (5) and (6). These frequency
windows were chosen by inspection from Fig. 7, where they are indicated by red boxes.
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4.3 Subseasonal time window

The upper panel of Fig. 7 shows that the coherence between tropical mean 68 hPa
water vapor and 100 hPa MERRA temperature is enhanced in the 74–107 days time
window. Fig. 8a shows the H2O κ̄ map generated using this subseasonal time window.
The most prominent features of this map are two arcs of high κ̄ on both sides of the5

equator straddling the western Indian Ocean and Africa, and appearing to originate
from a location near the equator west of Indonesia. These high κ̄ features resemble
the lobes of enhanced Rossby wave activity generated by convective heating at the
equator. The increased upwelling associated with the breaking of these waves would be
expected to generate variability in lower stratospheric water vapor (Ryu and Lee, 2010).10

The main source of convective variance in the 74–107 days time window used here to
generate the κ̄ map is the MJO. One would therefore expect the Rossby patterns here
to reflect MJO activity. On the 100 hPa surface, MJO activity in the Indian Ocean is
associated with a pair of anticyclones at opposite sides of the equator in the northern
and southern Indian Ocean, similar to the patterns shown here in Fig. 8a (Weare,15

2010).
Figure 7b shows the 40–107 days subseasonal time window selected for the CO κ̄

map. The N2O κ̄ map appeared to be noise and is not shown. The CO κ̄ map shown in
Fig. 8b does, however, appear to exhibit MJO related features. Figure 8c shows the κ̄
map generated from 100 hPa temperature fluctuations and the RMM1 MJO index time20

series. The RMM1 κ̄ map shows a boomerang or horseshoe shaped feature (Nishi-
moto and Shiotani, 2012) of high κ̄ extending from the western equatorial Pacific, with
what again appears to be symmetric Rossby lobes extending to the west. The CO sub-
seasonal κ̄ map (Fig. 8b) also shows a boomerang feature at the same location. In
both patterns, the region of enhanced κ̄ extends eastward along the equator to 150◦ E.25

The CO and RMM1 κ̄ maps also show similar features over Africa and South America.
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4.4 Multiyear time window

Figure 7 shows that, on multiyear timescales, the coherence between tropical mean
temperatures at 100 hPa and tracer mixing ratios at 68 hPa varies very slowly with pe-
riod. For the calculation of the κ̄ maps on multiyear timescales, we therefore selected
an identical 682–2048 days time window for all three tracers. The H2O, CO, and N2O5

κ̄ maps associated with this time window are shown in Fig. 9a, c, d. In general, the
κ̄ maps generated using the multiyear time window show no resemblance to the cor-
responding κ̄ maps using the subseasonal time window. The dynamical mechanisms
which regulate the transport of chemical tracers into the stratosphere on multiyear
timescales are clearly different from the mechanisms which control this transport on10

subseasonal timescales.
The multiyear H2O κ̄ map given in Fig. 9a shows that κ̄ is enhanced at almost all

longitudes within the 15◦ S–15◦ N latitude band except the eastern Pacific (90–180◦ W).
Within this band, there are areas of larger κ̄ over South America, the Indian Ocean, and
the maritime continent. Large κ̄ at a particular grid point does not neccessarilly imply15

that air parcels advected through this grid point are dehydrated by cold anomalies at
that location. At the 100 hPa level, monthly mean temperatures are strongly correlated
across distances of several thousand kms (Folkins, 2012). Rather than being sites of
active dehydration, some of the large values of κ̄ on the 100 hPa surface can probably
be attributed to a coherence with the temperature fluctuations of a region where dehy-20

dration does occur. Regions of highest final dehydration density have been identified
using trajectory models (e.g. Schoeberl and Dessler, 2011). The dehydration regions
fall within the enhanced κ̄ regions shown in Fig. 9a. There are also several regions of
enhanced κ̄ that are associated with very weak dehydration density, particularly the
Indian Ocean. Regions where final dehydration occurs should exhibit enhanced κ̄, but25

the reverse need not be true.
Figure 9c shows the multiyear CO κ̄ map. The most prominent features of this map

are the large regions of high κ̄ in the subtropical Pacific on both sides of the equator.
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Figure 10 shows the κ̄ maps associated with temperature anomalies on the 100 hPa
surface, and the U50 and the global ENSO indices. The Pacific dipole pattern (Randel
et al., 2000; Zhou et al., 2004; Trenberth and Smith, 2006) is a common feature of both
maps. On multiyear timescales, CO anomalies in the lower stratosphere are coherent
with temperature variability on the 100 hPa surface that is associated with the QBO and5

ENSO.
The Pacific dipole is usually associated with ENSO (Randel et al., 2000; Zhou et al.,

2004; Trenberth and Smith, 2006), whereas the QBO is associated with zonally sym-
metric temperature anomalies more strongly confined to the tropics (Huesmann and
Hitchman, 2001; Pascoe et al., 2005; Liang et al., 2011). During the MLS observing10

period used here (2005–2010), the fact that the QBO and ENSO were mostly in phase
(Liang et al., 2011) could account for the similarity of the QBO and ENSO κ̄ maps
shown in Fig. 10 .

Figure 9d shows the multiyear N2O κ̄ map. This pattern does not show a Pacific
dipole, but does show a boomerang shaped structure in the West Pacific. This pattern15

is associated with enhanced convective heating along the equator (Tian et al., 2006),
and was previously seen in the RMM1 κ̄ pattern.

5 Lagged correlation map for H2O

The relationship between temperature anomalies on the 100 hPa surface and the mix-
ing ratios of chemical tracers in the lower stratosphere can also be studied using lagged20

correlation maps. The temperature and tracer anomalies are first band pass filtered us-
ing a particular time window. The correlation between the temperature anomaly time
series at a particular grid point and the mean tracer mixing ratio is then calculated with
a particular time lag. Figure 9b shows the lagged correlation map for H2O using the
multiyear time window and a 140 days time lag. This value of the time lag resulted in25

the largest average correlation over the 30◦ S–30◦ N latitude range. The lagged corre-
lation map is very similar to the κ̄ map, but does exhibit a stronger dipole structure in
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the eastern Pacific than the multiyear H2O κ̄ map. Figure 10 shows that this feature
is associated with both QBO and ENSO variability, during the 2005–2010 time pe-
riod considered here. Cold temperature anomalies within the Pacific dipole pattern are
associated, on the 100 hPa surface, with positive ENSO phase (i.e. El Nino) (Weare,
2008).5

For CO and N2O, the time lag which maximized the correlation was not well defined.
Lagged correlation maps for these tracers are therefore not shown.

6 Weighted mean time lags

At a given frequency ω, the time lag between the chemical tracer (here H2O) and
100 hPa temperature anomalies is equal to the phase spectrum (ΦT,H2O(ω)) divided by10

frequency (ω).

τ(ω) =
ΦT,H2O(ω)

ω
(8)

Over a particular frequency window, [ω1,ω2], we define the following effective coher-
ence weighted mean time lag.

τ̄ =

∫ω2
ω1

κ2
T,H2O(ω)(

ΦH2O(ω)
ω )dω∫ω2

ω1
κ2

T,H2O
(ω)dω

(9)15

We used the above expression to calculate the mean time lags in the subseasonal
and multiyear time windows. Figure 11a–c shows subseasonal τ̄ vs. κ̄ scatterplots for
the three tracers. The thick solid lines indicate the mean dependence of τ̄ on κ̄. One
would expect τ̄ to converge to a physically significant value for larger values of κ̄. This
is not the case for N2O, where the mean value of τ̄ is near zero for all κ̄. However, this is20

consistent with our previous finding of the lack of any physically significant relationship
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between the N2O and 100 hPa temperature anomalies on subseasonal timescales. For
CO, τ̄ converges to 5 days at large κ̄. For H2O, the mean time lag appears to decrease
at large κ̄. However, this decrease may be attributable to the lower number of grid
cells with high κ̄. For κ̄ larger than 0.4, the mean time lags for H2O and CO in the
subseasonal time windows are 2.51 and 3.16 days, respectively.5

The subseasonal time lags of 2.51 and 3.16 days for H2O and CO are much smaller
than would be expected to occur in association with changes in stratospheric entry
mixing ratio. Using an annual mean ascent rate of 0.25 mms−1 (Randel et al., 2008),
the timescale for a change in stratospheric entry mixing ratio of a tracer to be advected
by slow ascent to the center of the 68 hPa MLS kernel is roughly 100 days. On subsea-10

sonal timescales, the fluctuations in lower stratospheric H2O and CO that are coherent
with 100 hPa temperature can therefore be attributed to the effect of upwelling fluctua-
tions on the local tendency for vertical advection.

Figure 11d shows that, on multiyear timescales, the mean value of the H2O τ̄ con-
verges to 200 days at high κ̄. For κ̄ larger than 0.4, the mean multiyear H2O time15

lag is 140 days. This time lag is roughly equal to the time required for an air parcel
to be advected by slow ascent the 2.2 km vertical distance from 100 hPa (∼16.6 km)
to the center of the 68 hPa (∼18.8 km) averaging kernel (∼100 days). On multiyear
timescales, the fluctuations in lower stratospheric water vapor that are coherent with
100 hPa temperature originate mainly from changes in the stratospheric entry mixing20

ratio.
For H2O (and other ice soluble tracers), there is a direct physical mechanism which

couples TTL temperature fluctuations to changes in the mean stratospheric entry mix-
ing ratio (Fueglistaler and Haynes, 2005). Dry tracers such as CO and N2O are not
coupled to 100 hPa temperature fluctuations through the Clausius-Clapeyron relation-25

ship. However, there can be an indirect coupling mediated through changes in convec-
tive outflow. Cold anomalies in the TTL are ordinarilly coupled to increases in upwelling
(Randel et al., 2002). The primary mass source for this upwelling is outflow from deep
convection. If the upwelling mass flux increases, a higher fraction of deep convective
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outflow must ascend into the stratosphere. This can be accomplished either by an
increase in the altitude of convective outflow, or by a decrease in the Level of Zero ra-
diative Heating (LZH). Both of these changes appear to occur in response to increased
upwelling during Northern Hemisphere winter (Folkins et al., 2006). The relative ef-
fect of this mechanism on tracer mixing ratios should be largest at heights where the5

convectively induced changes in the tracer age spectrum (the elapsed time since con-
vective detrainment) are comparable with the age of the tracer itself. This is most likely
to occur in the TTL where high altitude outflow occurs, and less likely to occur in the
lower stratosphere where air parcels are much older.

The solid line in Fig. 11e shows the dependence of the mean multiyear CO τ̄ on κ̄.10

There is a tendency toward positive τ̄ at larger κ̄. The mean τ̄ for κ̄ larger than 0.4
is 33 days. This time lag is significantly shorter than the timescale associated with up-
ward transport from 100 to 68 hPa (∼100 days). It is therefore unlikely that the multiyear
anomalies in lower stratospheric CO originate mainly from changes in stratospheric en-
try mixing ratio (e.g. from changes in convective outflow). However, the roughly tenfold15

increase in the time lag in going from subseasonal to multiyear timescales (3.16 days
to 33 days) is roughly consistent with the increase in the subseasonal to multiyear time
windows (from 40–107 days to 682–2048 days). The average phase offset between
100 hPa temperature and 68 hPa CO fluctuations in the subseasonal time window is
therefore roughly equal to the average phase offset in the multiyear time window. This20

suggests that the multiyear 68 hPa CO fluctuations are also coupled to 100 hPa tem-
perature fluctuations mainly through the effect of upwelling on the local tendency for
vertical advection.

Figure 11f shows that the mean multiyear τ̄ for N2O converges to roughly −50 days
for large κ̄. On multiyear timescales, N2O anomalies in the lower stratosphere there-25

fore precede 100 hPa temperature anomalies. The dynamical mechanism most likely
to give rise to this kind of downward phase propagation is the QBO, which descends
at rate of approximately 1 km per month (Baldwin et al., 2001). This rate of descent
would be consistent with a 65 day time lag for the 2.2 km descent from the center of the
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68 hPa (∼18.8 km) N2O averaging kernel to the 100 hPa (∼16.6 km) level. The similar-
ity of these timescales, and the prominence of the QBO related features in the κ̄ map
(for the 2005–2010 period), indicates that the multiyear variability of N2O in the lower
stratosphere is directly induced by the QBO. This is in contrast, for example, to the
case of H2O, where the QBO induced variability occurs indirectly through modulations5

in TTL temperature, which then subsequently affect the H2O stratospheric entry mixing
ratio (Fueglistaler and Haynes, 2005).

The time lag plots shown in Fig. 12 demonstrate that, while the lower stratospheric
water vapor fluctuations on subseasonal timescales are mainly generated by the ef-
fect of upwelling on the local tendency for vertical advection, water vapor fluctuations10

on multiyear timescales are mainly generated by fluctuations in the stratospheric entry
mixing ratio. Figure 12a and c shows scatterplots of κ̄ against annual mean temper-
ature for each grid point on the 100 hPa surface. In the subseasonal time window, κ̄
is almost independent of temperature. In the multiyear time window, there is a sharp
increase in κ̄ for temperatures colder than 194 K. These results are also consistent15

with the view that, although dehydration plays a minor role in lower stratospheric wa-
ter vapor fluctuations on subseasonal timescales, TTL dehydration dominates lower
stratospheric water variability on multiyear timescales.

In Fig. 12b the subseasonal τ̄ for H2O is plotted against annual mean temperature.
The mean τ̄ is near zero for most values of temperature, but sharply increases to 1020

days for temperatures less than 194 K. The origin of the increase in τ̄, despite the ab-
sence of an increase in κ̄ is unclear. One possibility is that dehydration is playing a mi-
nor role in water vapor variability on subseasonal timescales. Because of the 100 days
timescale for vertical advection from 100 hPa to the 68 pressure surface (∼100 days),
a small amount of TTL dehydration could generate a τ̄ ∼ 10 days at cold temperatures,25

while introducing only a small increase in κ̄.
Figure 12d shows a scatterplot of the multiyear τ̄ for H2O plotted against annual

mean temperature. There is a gradual increase in τ̄ at colder temperatures, reaching a
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value close to 180 days for annual mean temperaures equal to 192 K. This increase is
also consistent with an increasing role for dehydration at colder temperature.

7 Discussion and conclusion

We have examined the coherence in the tropics between temperature fluctuations on
the 100 hPa surface and fluctuations in the lower stratospheric mixing ratios of H2O,5

CO, and N2O. Due to changes in the relative importance of different dynamical modes
at different timescales, we have done separate calculations of the coherence in the
subseasonal and multiyear time windows. On subseasonal timescales, the dominant
features in the coherence pattern between fluctuations in 100 hPa temperature and
water vapor are two Rossby lobes in the Indian Ocean extending symmetrically from10

both sides of the equator. The 68 hPa H2O mixing ratio anomalies are almost syn-
chronous with the anomalies in 100 hPa temperature. At larger values of coherence
(the κ̄ statistic), the 68 hPa water vapor anomalies lag fluctuations in 100 hPa tempera-
ture by 2.5 days. On subseasonal timescales, the variability of water vapor in the lower
tropical stratosphere is therefore dominated by variability in upwelling associated with15

the dissipation of Rossby waves (i.e. the BLN mechanism). However, the increase in
the time lag τ̄ at colder temperatures is consistent with a minor role for dehydration in
the subseasonal time window.

The spatial pattern of the coherence between lower stratospheric water vapor and
100 hPa temperature anomalies on multiyear timescales has no resemblance to the20

coherence pattern on subseasonal time scales. Whereas the subseasonal coherence
pattern is dominated by two Rossby lobes, and is associated with values of κ̄ that
are independent of temperature, the multiyear coherence pattern covers a much larger
geographic area and is strongly shaped by the annual mean pattern in 100 hPa tem-
perature. In particular, the mean value of the multiyear κ̄ increases sharply for annual25

mean temperatures colder than 194 K. In addition, the time lag between the multiyear
anomalies in lower stratospheric water vapor and 100 hPa temperature increases with
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both colder temperature and higher κ̄, approaching a maximum value of 200 days. This
timescale is equal to the time required for the vertical ascent of an air parcel from the
100 hPa surface to the top of the 68 hPa MLS H2O kernel. These results demonstrate
that the multiyear variability in lower stratospheric water vapor is dominated by tem-
perature fluctuations in the TTL which affect the water vapor stratospheric entry mixing5

ratio by modulating the amount of dehydration. It should be noted, however, that due
to long distance correlations between temperature fluctuations on the 100 hPa surface,
not all locations on the 100 hPa surface with large κ̄ are likely to play a role in the
dehydration of air parcels entering the stratosphere.

The rate of lower stratospheric upwelling from the BLN mechanism can be expected10

to be modulated by changes in both the intensity and location of tropical convection
(Ryu and Lee, 2010). As the main source of variability of tropical convection in the
subseasonal window, the MJO would therefore be expected to modulate the rate of
lower stratospheric upwelling in this frequency range. We compared the spatial pat-
tern of the coherence between the subseasonal anomalies in lower stratospheric CO15

and 100 hPa temperature to the spatial pattern of the coherence between the RMM1
MJO index and 100 hPa temperature. Both coherence patterns were evaluated over
the 1 January 2005–31 December 2010 time interval. The two patterns were very sim-
ilar, especially in the western tropical Pacific. In this region, both patterns exhibited a
typical Gill type response with Rossby lobes spreading to the west and a Kelvin re-20

sponse spreading east toward the dateline. The MJO therefore plays a significant role
in modulating the variability of lower stratospheric CO on subseasonal timescales. This
finding is consistent with previous results showing that the MJO affects the distribu-
tion of ozone (Weare, 2010) and water vapor (Mote et al., 1998) in the lower tropical
stratosphere, and the variability of CO in the TTL (Wong and Dessler, 2007).25

The map of the coherence between the multiyear lower stratospheric CO and
100 hPa anomalies exhibited a strong Pacific dipole. This feature is usually charac-
teristic of ENSO (Randel et al., 2000; Zhou et al., 2004; Trenberth and Smith, 2006).
However, during the time period analyzed here, this pattern was coherent with both the
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QBO and ENSO, so that the relative roles of these multiyear dynamical modes could
not be differentiated. However, for larger values of κ̄, the phase difference between the
CO and 100 hPa temperature anomalies in the multiyear time window was similar to the
phase difference in subseasonal time window. This suggests that the main mechanism
through which variability in lower stratospheric upwelling generated CO anomalies on5

multiyear timescales was also through modulations of the local tendency for vertical
advection.

In global chemistry climate models, it is often difficult to know whether the mecha-
nisms for Stratosphere-Troposphere Exchange (STE) and TTL dehydration are being
accurately modelled. This is partly because many of the STE exchange mechanisms10

involve small scale convective or cloud scale processes that are parameterized rather
than explicitly modelled, and also because of difficulties in making more general conclu-
sions from a limited number of in situ measurements. However, the statistical methods
used here could be applied to output from climate models. Accurate simulations of
the coherence between 100 hPa temperature fluctuations and the anomalies in lower15

stratospheric tracers, in different time windows, would give greater credibility to the fu-
ture trends in stratospheric chemical constituents predicted by these models (Butchart
et al., 2011). This type of analysis would be particularly important in the case of water
vapor. The transport of condensable tracers like water vapor through the TTL is affected
by a larger number of physical mechanisms than the transport of dry tracers, and cal-20

culations have suggested that past and future trends in stratospheric water vapor can
exhibit a significant radiative forcing on climate (Solomon et al., 2010).

Appendix A

Comparison of MLS and ACE water vapor

Figure 13 shows a scatter plot of tropical mean daily ACE v3.0 and MLS v3.3 H2O25

values at 68 hPa. We first extracted all available ACE data from the height range
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16.5–19.5 km during the period 2005–2010, and removed values whose statistical er-
rors were more than 10 % of the actual value. Most of the ACE measurements in the
tropics occur during February, April, August, and October. This short time coverage
plus the data quality filtering we deployed reduced the number of data points with which
we made a comparison with MLS to 193. The four ACE grid heights were converted to5

pressure levels using a tropical mean pressure profile. A simple linear interpolation was
then done to compute ACE H2O at 68 hPa. The thick solid line in Fig. 13 represents
the pairs of class means of the two data sets when each grouped into 14 bins with
a bin size of 0.150 ppmv. Due to differences in weighting functions, viewing geometry,
and sampling, there is no unique way to compare the two measurements. However, the10

ACE and MLS H2O measurements are in good overall agreement (r = 0.778).
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Fig. 1. Averaging kernels of MLS v3.3 H2O. The solid line is for 68 hPa, while the dashed line
is for 82 hPa pressure level.
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Fig. 2. Time series, of (a) 15◦ N–15◦ S average 100 hPa reanalyses temperatures and (b) de-
seasonalized, 15-day low pass filtered anomalies of those in (a). Dark dotted line, blue dashed
and red solid lines represent ERA-Interim, NCEP, and MERRA. Scatter plots showing compar-
ison of the temperature anomalies of (c) MERRA vs ERA-Interim, (d) MERRA vs. NCEP and
(e) NCEP vs ERA-Interim. Solid lines represent least square lines whose slopes are shown on
lower left.
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Fig. 4. The deseasonalized, detrended, and 15-day low pass filtered anomalies of the time
series shown in Fig. 3. (a) H2O, (b) CO, (c) N2O, (d) Temperature, and (e) Re-scaled Temper-
ature (solid) and H2O (dashed) monthly mean anomalies, (f) zonal mean 50 hPa wind anomaly
(solid) and re-scaled global ENSO index (dashed).
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Fig. 5. Scatter plot of anomalies of CO and N2O from Fig. 4: data pairs before and after the
first 600 days of 2191 days shown in dark “o” and grey “+” marks. (See the text for slopes of
the corresponding least square lines.)
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Fig. 9. (a) κ̄T,H2O, (b) rT,H2O using 140 day lag, (c) κ̄T,CO, (d) κ̄T,N2O.
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Fig. 10. κ̄ using 100 hPa T anomalies and (a) U50 and (b) global ENSO indices.
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Fig. 11. Scatter plots of the mean time lag τ̄ against κ̄ for the subseasonal (a–c) and multi-
year (d–f) time windows. The solid lines refer to the mean dependence of τ̄ on κ̄.
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Fig. 12. (a) Subseasonal κ̄ against annual mean MERRA temperature for grid boxes on
the 100 hPa surface; (b) subseasonal τ̄ against annual mean 100 hPa MERRA temperature.
Plots (c) and (d) are the same as (a) and (b), except that κ̄ and τ̄ refer to the multiyear time
window. In each plot, the solid lines show the mean dependence of κ̄, or τ̄, on temperature.
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Fig. 13. A scatter plot of tropical mean (20◦ N–20◦ S) daily ACE and MLS H2O at 68 hPa. The
dark solid line represents pairs of class means when the two data are binned into groups (ACE
tangent heights are converted into equivalent pressure levels and simple interpolation used).
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