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ABSTRACT

This dissertation is a collection of empirical anddeling studies focusing on decadal and
intraseasonal variabilities in atmospheric tracérsPart |, a persistent discrepancy between the
model and observed stratospherig €dlar response is revisited using the Whole-Athesp
Community Chemistry Model (WACCM). The mode} 8imulated using UV irradiances measured
from the latest spaceborne solar UV measurements by the SolatidReaii Climate Experiment
(SORCE) and that from the solar UV parametrization develdpedhe Naval Research
Laboratory (NRL) are studied and compared with observations. Nbtiee simulations using
SORCE and NRL UV simultaneously agree with the observedofar response in both upper
and lower stratospheres, thus presenting a dilemma to our cundgrstanding of stratospheric
O; response to UV perturbations. However, the simulation using@RCE& UV irradiance leads
to a solar response in upper stratospheric/lower mesospheriol@idncthat agrees better than
those derived from ground-based and satellite oagens. Continuous long-term observations of
solar UV, OH, Q and other related chemical species through upcosailag cycles are crucial for
further investigations to solve the above puzzlasPart I, intraseasonal variabilities in upper
tropospheric/lower stratospheric (UTLS} énd mid-tropospheric carbon dioxide (§@elated to
the Madden-Julian oscillation (MJO) are studiechgsiecent satellite observations. The UTLS O
at mid-latitudes is shown to be modulated by the MiFfGugh dynamical motions of the tropopause
layer, supporting the conjecture proposed in pre/studies. It is further shown that the UTLS O
over the Arctic can be also modulated by the tropspanotions through MJO teleconnections. On
the other hand, the distribution of tropical midgimspheric C®is modulated by the MJO through
upward transport of surface G'he amplitude is of critical scale for identifgimceanic and land
sources of C® The detailed structures of these MJO impactusedul for diagnosing chemical
transport models. These findings may be useful ifoproving air quality forecasts to
weekly/monthly timescales, which help warn the pubt advance and help authorities to take

efficient emergency control actions.
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PREFACE

During my six years in Caltech’s graduate school, | had broadesis in atmospheric
chemistry, dynamics, and radiative transfer, as well askastogy. | was also involved
in data analyses using advanced statistical methods and invdremy.tMost of my
studies aim to better characterize multiscale atmosphertegses in time and space
using observational datasets and chemistry/climate modelshisithesis, | chose five
publications which illustrate two examples on the use of atmospineciers for climate

studies, one on decadal time scales and the other on intraseasonal time scales.

Atmospheric Trace Gases as Probes

The general circulation of the atmosphere embraces the propErtdgsospheric
disturbances of every scale, which are integrated to provide aiptiescrof the
atmospheric evolution, within the framework of a given spatial amgaeal distribution
of solar energy input. It is an enormous multidisciplinary problenmhefmistry, physics,
radiation, and, to some extent, biology and ecology. Tremendous progrésesehasade
since the satellite era in the 1970s in obtaining a broad and detailedotii@soof the
atmosphere through temporally and spatially highly resolved observalibasry has
also advanced with these observations and can demonstrate thetyetesstain mean
features arising from a field of multiscale processes anience. However, we are still

far from possessing a thorough empirical description of some ofate elusive features



(e.g., convection), and much less an understanding or theory that iblecaya
demonstrating the necessity of its detailed structure and evolution.

The general circulation can be most directly derived fromtnesd observations or
assimilations of global wind and temperature. However, to revealutiaerlying
mechanisms of how the atmosphere or part of it works, the paths ef aomospheric
tracers and/or the changes of their physical and chemical pesparé needed to fully
unveil the interactions and/or feedbacks between one part and anothetiveen one
scale of motion and anotheBleppargd 1963]. Examples of tracers that have been used
for monitoring atmospheric chemistry, atmospheric dynamics, anf@éce processes
include BO, OG;, CH;, CO, CQ, NoO, and SE Because each tracer has its own
characteristic sources/sinks and atmospheric lifetimes, iatoymof its distribution in
different parts of the atmosphere provides useful constraints fonadisgof model
shortcomings.

In this thesis, @is a key species that will be used for studying two vattfgrent
processes: decadal variability related to the solar forcimg wke photochemical nature
of stratospheric @(Chapter 2) and intraseasonal variability related to the MaddamJul
oscillation in tropical convection using the dynamical nature of upppospheric/lower
stratospheric @ (Chapter 5 and 6). Note that, depending on the processes being
investigated, stratospherigz©an be short-lived if considered on the decadal time scales,
but it can be long-lived, if considered on intraseasonal time scHies fact greatly
facilitates Q as an important species that can serve as a probe for bothspsoCBwo
other species, the stratospheric hydroxyl radical (OH) and nopd$pheric CQ will

also be studied, as described below.

The Solar Forcing

Following the restrictions of chlorofluorocarbons in thed-1990s, the global
stratospheric @ level is slowly recovering. The current estimate of thme for full

recovery is expected in 50 years or mdte\wman et al.2006], but an accurate forecast of



the long-term trends critically depends on our knowledfeO¢ variability and its
interactions with external forcings. Observationally, uargify subtle secular trends in,O

it is critical to understand natural variabilitiesathmay have similar magnitudes and
interfere with the trendsSplby et al.2011]. In this thesis, the influence of the 11-year solar
cycle on stratospheric :0will be examined in a three-dimensional chemistry-dyica-
radiation coupled model. The model results will be parad with recent observations.
Previous studies [e.g{odera and Kuroda2002] have shown that, besides the well-known
O3 photochemistry, nonlinear dynamical feedbacks in n@rali stratospheric circulation
must also be considered to qualitatively explain the rgbdevertical @ solar response.
Nonetheless, there are still persistent discreparmeseen the model and observeg O
solar response, despite twenty years of effort f@&hal). One such discrepancy will be
revisited in this thesis with updated exoatmospheltar swadiance recently acquired from
satellite observations (Chapter 2). This helps glahe role of radiation in the {3solar
response.

The persistent discrepancies may also be a combination of oampiete
knowledge in photochemistry and/or dynamical feedbacks. To simplify tieepn, the
upper stratosphere, where photochemical equilibrium dominates, will lo#icaly
examined. The solar response of OH, a key€xtroying catalyst in that region, will be
studied using state-of-the-art ground-based/satellite measuiearal chemistry models
(Chapter 3).

The Madden-Julian Oscillation

Tropical convection is one of the key variables in wegtihediction. Recent satellite
observations and modeling studies have advanced our ldg®vtd tropical convection,
which has greatly improved our ability to forecast extrevaather events (e,diurricanes
and flooding) on weekly time scales and develop warning systeraduce economic loss.
The Madden-Julian oscillation (MJO) is the dominantenof the intraseasonal variability

in tropical convection. The MJO interacts with a widemge of weather and climate



phenomena and represents an important source of predictability atibseasonal time
scale Lau and Waliser2011]. However, the MJO is still not well understood or well
represented in the global circulation model. Daily space-borne obeasvallow us to
monitor the MJO globally. Influences of the MJO on tiygical components of global
climate systems are significant and have been wetigrézed (e.g., monsoons, ENSO,
hurricanes, extratropical weather). Nonetheless, tipacts of the MJO on the chemical
components of the climate system have only beerzegatecently and have not been well
documented or understood. Observational analyses of riipe-deale thredimensional
structure and spatial-temporal evolution of the MdWehproven valuable in addressing
this challenge. The goal is to conduct an in-depth study of thelatioduby the use of two
important greenhouse gases, .C&d Q using global space-borne measurements. This
will connect the intraseasonal variability to climassues and should be of interest to a
large group of Earth scientists. Because, @@d Q have distinctly different distributions
in the atmosphere, space-borne measurements are setwsitivese gases at different
altitudes. Analyses on these trace gases help reveahéichanisms of MJO at different
levels of the atmosphere, as will be shown in this thesiag{térs 5, 6, and 7). Furthermore,
these findings are useful for improving air qualityefcaists on weekly/monthly timescales,
helping authorites to issue warnings to the publictartdke emergency-control actions in

a timely manner.

Thesis Overview

This thesis is divided into two parts: The first gatuses on the solar cycle forcing
in stratospheric @and lower mesospheric/upper stratospheric OH; the dquam focuses
on the impact of the MJO ornz@nd CQ.

Chapter 1 reviews sun—climate interactions throughosipaeric @ and describes the
model—observation discrepancy, which is the main fotsart I.

Chapter 2 presents a sensitivity test of modgetdOexoatmospheric solar irradiance.
Using the latest spaceborne measurements of exoatmospheric solaraeadigmred by
the Solar Radiation and Climate Experiment (SORCE), ritoglel total column ©



response to the 11-year solar cycle is 5.4 Dobson units (DU) per #6800040.7 cm
solar radio fluxFip7 [Tapping and Detraceyl990] (DU/10F107) in the tropics, which
agrees with the long-term measurements made by the Total OWtapping
Spectrometer (TOMS). The vertical ;Oresponse agrees with previous satellite
measurements in the lower stratosphere but disagrees in the sipgesphere. In
contrast, using a well-accepted solar UV irradiance paraagdn developed by the
Naval Research Laboratory (NRL), the totald@lumn response is 3 DLD0OF1o7, which
agrees better with the SAGE and ground-based observations. The regeitiogl Q
response agrees with previous satellite measurements in thestyapesphere, but the
lower stratospheric response is much weaker than the observegrésents a dilemma
to our current understanding of stratosphede&3ponse to UV perturbations.

To further elucidate the role of chemistry in the middle atmospheric sefarees,
Chapter 3 investigates the solar forcing in lower mesosphgyergtratospheric OH using
ground-based and satellite observations and model simulations. Olosenstggest a
~ 7-10% decrease in OH column abundance from solarmmaxito solar minimum.
However, model simulations using the well-acceptddrsoradiance model give much
smaller OH variability (~ 3%) whereas the model OHialallity derived using the latest
spaceborne solar irradiance is ~ 6-7%, which agretter heith observations. Model
simulations also reveal the detailed chemical masha suggesting that such OH
variability and the corresponding catalytic chemistrgyndominate the ©Oresponse to
solar cycle (SC) in the upper stratosphere.

Chapter 4 reviews the current knowledge of the Madidian oscillation (MJO),
which is the main focus of Part Il. The mechanism ofMd© is briefly discussed and an
index which categorizes the MJO lifecycle into eighages is introduced.

Chapter 5 examines the vertical structure of MJOedlaubtropical @variations
using satellite anth situ measurements. The spatial-temporal patterns of the subir@pic
anomalies throughout the eight MJO phases are presdiitedlJO-related ©variability
are dominant in the lower stratosphere, and are dynbynidaven by the vertical
movement of subtropical tropopause, supporting thethgsis ofTian et al.[2007]. The

strong connection between the intraseasonal subtrggiesbspheric @variations and the



MJO implies that the stratospherig @riations may be predictable with similar leadesm
over the subtropics.

Chapter 6 extends the findings in Chapter 5 from ithpids to the Arctic region.
MJO-induced teleconnection is found to moderatg ifD the Arctic in the upper
troposphere/lower stratosphere. TheaDomalies are anti-correlated with the geopotential
height (GPH) anomalies at 250 hPa, indicating that tharm®malies are associated with
dynamical motions near the tropopause, similar toettioand in the tropics. This study
therefore implies that air quality over the Arctic aso be affected by tropical dynamics
through teleconnection.

Chapter 7 reports a large-scale intraseasonal ieariiat tropical CQ associated with
the MJO. The peak-to-peak amplitude of the composit® Mhodulation is ~ 1 ppmv. The
correlation structure between g@nd rainfall and vertical velocity indicate positive
(negative) anomalies in GQhat arise due to upward (downward) large-scale vertica
motions in the lower troposphere associated with the .MJ@se observations can help
elucidate how faster processes can organize, transpmit,mix CQ and provide a

robustness test for coupled carbon-climate models.



PART I.

SUN-CLIMATE
INTERACTIONS



Chapter 1.
Reviewof Sun-Climate Relation

Summary

Satellite observations have persistently shown thatobserved tropical ©solar
response is very different from what has been predictgshbtochemical models. In the
upper and lower stratosphere, the observgdeSponse is greater than the modeled
response, whereas in the middle stratosphere, tbenaa Q response is insignificant
while the model response is significant and posifives problem seems to remain despite

twenty years of efforts.

1.1. Solar Variability and Climate

Although present climate change is largely attributable teenjmeuse gases,
mounting evidence points to the role of solar variability in modulatwegclimate over
decadal time scales and longelojt and Schatterl997;van Loon and Labitzkel 999;
Bond et al, 2001; Lean and Rind2001;Hu et al, 2003]. During the 12 century,
extratropical northern hemisphere temperatures [&gper et al. 2002] and solar

activity [Yau 1988;Jirikowic and Damon1994] were unusually elevated, contributing to



the Medieval Warm Period. On the other hand, during the Spoerer Mmi(t450—
1550), the Maunder Minimum (1645-1715), and the Dalton Minimum (around 1800),
solar activity was suppressed. During the Maunder Minimum, regioean winter
temperatures in North America and Northern Europe declined by 1-1.5°Gn@owér
Europe manifested itself in winter but not in sumni&ister, 1995]. The total irradiance
change between current solar maxima and minima (~ 0.1%) exttegpdd the Maunder
Minimum is ~ 0.25% lLean and Rind2001].Leanet al [2005] suggested an even lower
total irradiance change at Maunder Minimum. Model results préuattsuch irradiance
decline caused a decrease in global mean temperature of le€s5t@ at that time [e.g.,
Rind and Overpeck1993]. However, the occurrence of cooling only in winter (as
suggested by proxy records) cannot be explained.

The solar-cycle variability has long been believed to have impa&arth's climate
[Hersche) 1801]. Of only ~ 0.1% peak-to-trough variations in the total soladiaince,
the 11 yr solar-cycle variability is most noticeable in theaultiiet (UV) regions lLean
and Rind 2001]. The variability ranges from ~ 70% at the hydrogen Lymé&mansition
line (121.57 nm) to ~ 10% in 200—-300 nMdrsh et al, 2007]. Therefore, any impacts
on Earth's climate are likely to be linked through upper atmosptegions where UV is
absorbed. For exampl®leehl et al[2009] suggests a top-down mechanism, wherein the
production of tropical stratospheric ozonesX Qs enhanced during a solar-cycle
maximum through the absorption of enhanced UV radiation by the oxygecuieole
the Schumann-Runge band (150-240 nm), which in turn leads to an enhanced UV
absorption by ozone in the Hartley and Huggins bands (240-330Herpblerg 1965;
Brasseur and Solompri984]. The different heating of the stratosphere as a function of
latitude due to these absorption processes may modify the tropospineviation,
leading to changes in the hydrological cyatari Loon et a).2007;Meehl et al. 2009].
Since the solar irradiance is strongest over the equatogiahrand the stratospheric; O
is produced mainly in the tropical area, we expect maximunr-eptde modulation in
the tropical Q [Camp et al. 2003]. Such solar-cycle modulation can also be transported
to higher latitudes by the Brewer-Dobson circulation in the midttteosphereBrasseur
1993;Ineson et al.2011].



1.2. Stratospheric O; Response

Stratospheric @is an important atmospheric tracer in Earth’s aphese. It shields
the solar ultraviolet below 315 nm from reaching tayleelow such that Earth’s surface
becomes habitable. Therefore;, iBay be regarded as a signature of life and it is otfeeof
atmospheric tracers that have been targeted in seguicin extraterrestrial intelligence. It
is formed from recombination of an oxygen moleculg) (@ith an oxygen atom (O),
resulting from @photolysis in the Schumann-Runge bands (170-200 nm):

0, +h/(170- 200 N~ G O (RY)
0,+0+M - O+ M (R2)

The destruction process involves photolysis af i© the Hartley and Huggins bands
(240-330 nm) into an excited oxygen molecule(}] and an excited oxygen atom

[O(*D)], which is then quenched to O and recombines @itto form two Q molecules:

0,+hv(240- 320 nh~ ¢'D)+ ¢('a) (R3)
O('D)+M - O+M (R4)
0,+0- 0,+ 0, (R5)

Reactions R1-—R5 form a complete cycle and weredoted by Sydney Chapman in the
1930s Chapman 1930]. However, the Chapman cycle alone predidtctor of ~ 2 times
more stratospheric {xthan observed over the tropics. An additionalodeDs-destroying
catalytic cycles, such as those involving odd g (NQ) [Crutzen 1970], and odd
hydrogen (HG) [Bates and Nicolet1950] are responsible for the missing sinks @ th
Chapman cycle. In the late ®@entury, the global Qevel was further reduced because of

the increased level of odd chlorine radicals raldadfsom man-made chlorofluorocarbons
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(CFCs) WMO, 2007]. Since 1990s, the atmospheric abundanc€sG6 and other ozone-
depleting chemicals have been gradually reduced iaternational regulations on their use
and the stratospherics@evel has been recovering. However, the recovestaw due to
the long (decadal to centennial) lifetimes of tluel @hlorine species. To monitor the O
changes and accurately characterize the recovienyitrés necessary to separate the secular
trend from other long-term natural variability. Aimber of observational studies have
indicated that stratospherig ©@an be modulated by the 11-year solar cycle datilides
[Hood and Soukharew2006; Gray et al, 2010]. The modulation is primarily through
photochemical reactions R1 and R3 over low latsudéne induced ©changes are then

transported globally by atmospheric circulatiokedera and Kuroda2002].

1.3. Model Discrepancies

In photochemical models, the expectegl Olar response is dominated by net O
production due to ©photolysis in the mid-stratosphere at 40 km, angaa single-peak
maximum of ~ 2—3 %/10Qk7 (% change in @concentration per 100 units change in the
10.7- cm solar radio flux) in the stratosphere. I§@@s of satellite data, however, reveal a
double-maximum vertical structure having a peak ~0f2%/100ko 7 in the upper
stratosphere at ~ 45 km (1-2 hPa) and another p&ak 3%/100ky; in the lower
stratosphere at ~ 25 km (50-70 hPa) over the mbpégion (latitude< 25°); in the mid-
stratosphere, the observed solar-cycle responsesignificant. In these observational
studies, multiple linear regression was employedxtoact the solar response. Regression
analysis requires that all forcings (including, .e.@BO, ENSO, and solar forcing
represented by some training indices) are indepgrafeeach other and the responses are
linear [Stolarski et al.1991;Hood and McCormacki992;Hood et al, 1993;Reinsel et a).
2005]. Consequently, some studies questioned whstiol double-maximum structure is
a statistical aliasing with nonlinear processeshss major volcanic eruptions (in the early
1980s and 1990s), ENSO, and QBO. To this &umlikharev and Hoof2006] took the

advantage of the period 1992-2003, when there wasnajor volcanic eruption, and
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analyzed the ©vertical response to the solar cycle modulatiomgushe most recent
satellite observations. Their results suggested tth@ double-maximum structure was
robust against volcanic eruptiondood and Soukharej2010] revised the regression
model to include a potential time-lag dependenct®fENSO effectMarsh and Garcia
2007] and showed that the vertical response rentaemsame whether or not the ENSO
term is considered in their statistical model. lyasboukharev and Hoof2006] also
regressed the QBO signal using the 30 hPa zonal asnthe QBO index. They asserted
that the double-peak solar response sm@s not interfered with by the presence of QBO.
Based on a regression model similar to th&onkharev and Hod@006] (i.e., defining a
QBO index using zonal windsMcCormack et al[2007] employed a two-dimensional
radiative-dynamics-chemistry model and found thatid stratospheric minimum in the;O
response can be reproduced if a model QBO was edpbdweverl.ee and Smitf2003]
carried out synthetic transient experiments andcatedd that using the tropopause
momentum forcing as the QBO index would remove dtidicial double-peak structure
and recover the single-peak profile. Unfortunatétgre is no direct measurement of the
tropopause momentum forcing and the assertiohd®sy and Smith2003] has not been
verified observationally to date.

A number of modeling studies have tried to simuthteQ response to the 11-year
solar forcing in the middle atmosphere using mutiehsional models with different
levels of complexities in chemistry and dynamicg [eBrasseuy 1993;Shindell et al.
1999; Lee and Smith2003;Marsh et al, 2007; McCormack et a).2007;Haigh et al,
2010;Kyrola et al, 2010;Schmidt et a).2010;Dhomse et a).2011;Merkel et al, 2011,
Beig et al, 2012;Swartz et al.2012].Austin et al[2008] summarized the esponse to
the 11-year solar forcing in seven three-dimensi(8d) coupled radiation-dynamics-
chemistry models. They performed transient simoiteti with anthropogenic forcings,
observed sea surface temperature and atmospheosobheoncentration. The averaged
O3 solar responses from the seven models show pagitaks in the upper and lower
stratosphere. The upper stratospheric peak isetklat direct photolysis of molecular
oxygen at wavelengths less than 240 nm (ReactigntRé. lower stratospheric peak may

be a combination of photolysis and weakened Brddadyson circulation Kodera and
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Kuroda 2002] resulting from stratospheric temperaturancfes. There is a significant
spread in the vertical Osolar responses among the models, especially anlaer
stratosphere (20—-30 km). The spread may be a resaliasing with volcanic aerosol
emissions and/or effects of El Nifio/Southern oatdh (ENSO) Marsh and Garcia
2007;Dhomse et a).2011].Schmidt et al[2010] andDhomse et al[2011] also found
that the simulated vertical;&olar response is insensitive to the presenceBfd.(J he
simulated double-peak structure qualitatively agregh those observed from satellite
observations derived from Halogen Occultation Expent (HALOE), Stratospheric
Aerosol and Gas Experiment (SAGE), and Solar Batkesc Ultraviolet (SBUV)
[Soukharev and Hoo@006].

1.4. Strategic Plan

For an accurate simulation of the solar cycle maftluis in stratosphericsDat least
three elements are essential: (1) the UV varighiiter a typical 11-year solar cycle, (2) a
comprehensive list of 9photochemical reactions and the catalytic cyctdated to @
destructions, and (3) dynamical changes induceddigr heating. As discussed above,
there have already been a number of studies asotheinduced dynamical changes. In the
upper stratosphere, photochemical equilibrium dateis. Therefore, in this thesis,
sensitivity of the upper stratospherig @sponse to uncertainties in the UV variability
will be examined. The solar response of OH, a keyl€3troying catalyst in that region,
will be studied using state-of-the-art ground-bzsatellite measurements and chemistry
models

Statistical aliasing problems may also be importaviten interpreting the

observations, which is beyond the scope of thisishe
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Chapter 2.

Simulation of Solar-Cycle Response
In Tropical Total Column Ozone
using SORCE Irradiance

Summary

The solar responses in tropicaj Glumn in the Whole Atmosphere Community
Climate Model (WACCM) model will be examined usiaglar spectral irradiance (SSI)
estimated from the Naval Research Laboratory (N&llar model and that from recent
satellite measurements observed by the Solar Ramlicand Climate Experiment
(SORCE). Four experiments have been conducted WHRL/SORCE SSI and
climatological/observed sea surface temperaturdscan and all other variability is fixed
to test the robustness of the simulated solar respin Q against the presence of El
Nifio/Southern Oscillation (ENSO). Potential aliagaffects from ENSO occur below 20
km, where tropical @ concentration is low and has little impact (le$=nt 0.6
DU/100F107) on the regresseds;@olumn response. In the tropical regiorf@424N,
using the SORCE SSI as a model input leads to a sesponse of 5.4 DWOOF;07,
which agrees with those obtained from the merge1$(3BUV satellite observations.

The resultant vertical YDresponse agrees with previous satellite measutsmerthe

* Appeared as Li, K.-F., X. Jiang, M.-C. Liang, andlLY Yung (2012), Impacts of SORCE Irradiance o& 8imulation
of 11-year Solar-Cycle in Total Column Ozo#g¢mos. Chem. Phys. Discysk?, 1867-1893, doi: 10.5194/acpd-12-
1867-2012.
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lower stratosphere but the negative response imper stratosphere disagrees with the
observed. In contrast, the tota} @lumn response is 3 DLDOF,7, which is~ half of
that obtained using SORCE SSI but agrees bettdr thik SAGE and ground-based
observations. The resultant vertical3 Q@esponse agrees with previous satellite
measurements in the upper stratosphere but ther Istn&tospheric response is much
weaker than observed. This presents a dilemma to cowent understanding of

stratospheric @response to UV perturbations.

2.1. Motivation

In Chapter 1, the discrepancy between the modebhardrved ©@solar response in
the stratosphere has been reviewed. An accuratdation of the solar response relies on
three components: changes in top-of-the-atmospbkel& irradiance, changes in; O
implied from photochemistry, and changes in therstialctures as a result og Ghanges
and dynamical feedbacks. This chapter focuses@firgt component.

In most of the previous modeling studidéarsh and Garcia2007;Austin et al,
2008; Dhomse et al.2011], the 11-year solar forcings in UV are restauncted by the
Naval Research Laboratory (NRLLdan et al. 1997; Lean 2000]. In the NRL
reconstruction, the solar UV variability over a aokycle is derived based on the
correlation of satellite observations with histatisunspot and faculae records. Recent
observations over the declining phase of Solar €98 by the SolLar Stellar Irradiance
Comparison Experiment (SOLSTICEpriow et al. 2005a] and the Spectral Irradiance
Monitor (SIM) [Harder et al, 2010] instruments aboard SORCE satellite suggest
unexpectedly large decrease in solar UV irradiandech has important implications for
O3 [Haigh et al, 2010]. These observations disagree with preveauisllite observations
and the NRL reconstruction, adding UV variabilis/another dimension of uncertainty for
upper atmospheric modeling. It has been shownSRRRCE SSI may lead to solar-cycle
responses in the middle atmospherica@d temperatures that are significantly different
from those obtained using NRL S&dhalan et al.2010;Haigh et al, 2010;Merkel et
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al., 2011]. For exampldilaigh et al.[2010] showed that the simulated end between
2004-2007 becomes negative in the tropical uppatosphere above 45 km if the
SORCE SSIl is used. This is in contrast to the meuheulation if the NRL SSI is used,
which predicts positive ©trends in the whole tropical stratosphere. Theusation
seems to be supported by the recent observationtheyMicrowave Limb Sounder
(MLS), where a negative trend ingChas also been observed during 2004-2007.
Meanwhile, using the three-dimensional Whole Atniesp Community Climate Model
(WACCM), Merkel et al.[2011] showed that the simulated negative t@nd in the
tropical mesosphere is much larger when SORCE $%kéd and agrees better with
SABER observations during 2002—-2009. But they atsticed that the model response in
the middle stratospherics@loes not agree with the observations. In additR@RCE,
MLS, and SABER data only cover part of the dectn®olar Cycle 23 and great care
must be taken when interpreting these trend comgasi Continuous investigations are
required to resolve the discrepancies between rm@ohel observations.

Besides the vertical Oprofiles, there have also been long-term space&born
measurements of total column; (hereafter denoted b¥osz) during 1978-2004 by the
Total Ozone Mapping Spectrometer (TOMS) and SBWBtblarski et al. 2006]. Xo3
after 2004 has been measured by Ozone Monitorstguiment aboard Aura, which is the
successor of TOMS. These observations merged wgetiovide the longest satellite
record of Xp3 for exploring interannual and decadal variabitieThese Xo3
measurements use UV bands that are different fharset used for profile £retrievals.

In addition, since the lower stratospheric respdogbe 11-year solar forcing is the main
contributor to theXoz response, comparing the observed and midelresponses may

serve as an independent test for model sensitwitiie 11-year solar forcing in the lower
stratosphere. There are also long-term ground-basssurements of total columny O

which are sparse in both space and tiFielgtov et al, 2002].

Randel and Wu2007) derived the meridional pattern of the l1lsgtar-cycle
sensitivity in Xp3 (in Dobson units per 100 units of 10.7 cm solatioaflux Fio7
[Tapping and Detracgyl990] or DU/10€107) from the merged TOMS/SBUV data

using multiple linear regression. In the equatoredion, the derived sensitivity from
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TOMS/SBUV data was 5-6 DU/1Bg, 7 They compared this sensitivity to that of the
partial column @ between 20-50 km integrated from the SAGE measemé&snduring
1979-2005. The resultant sensitivity from SAGE v2as8 DU/10®107 only, which
agrees with those derived from the ground-baXgg measurements. There has been
concern whether an erroneous treatment of an msintal toggling of TOMS in 1983
might have created the apparently ladges solar responseWMO, 2003, Appendix
4A.2]. However, this error has been corrected m itest TOMS retrieval algorithm
(version 8) and Randel and Wu2007] used version 8 retrievals for their analysi
Therefore, the discrepancy among TOMS/SBUV, SAGH] ground-baseX o3 solar
responses are unlikely to be due to the toggliogplem.

This work aims to explore how a coupled dynamiaBatton-chemistry model may
simulate the observed solar responsesdn The impacts of SORCE and NRL SSis on
the solar-cycle response of tropi¢&s in WACCM will be studied. Recent analyses of
SORCE data DeLand and Cebula2012; Lean and DelLand 2012] reveal that
uncorrected instrumental drifts may have resultecam overestimated UV variations
during 2004-2007 as reported kaigh et al.[2010]. The work here thus presents an
upper limit of the impact associated with the diéfece of UV changes suggested by
these two measurements. Lastly, since the solde-aymdulation is stronger in the
equatorial region than that in the global avergges, e.g., Fig. 6 dkustin et al[2008])
and photochemical production of;@ecreases with increasing latitude, atmospheric
dynamics may interact with the solar-cycle modoladi and make the interpretation
difficult in the extratropics for both model andsalvational results (see, e.gliahg et
al., 2008c; b]), which is out of the scope of this koFhus latitudes away from tropics
will be avoided in this study.

2.2. Model Setup

WACCM is a global atmospheric model with fully cdegp chemistry, radiation,
and dynamics extending from the surface to thentbephere based on version 3 of the
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Community Atmosphere Model (CAM3)Marsh et al, 2007]. It has a horizontal
resolution of 5° longitude x 4° latitude. There asresolved stratosphere with fully
interactive ozone chemistry that can respond toUkepart of the solar forcing. This
model is one of the participants of the Chemistliya@te Model Validation (CCMVal)
activity and has been employed to project the oztreed in the 2% century
[Morgenstern et al.2010;0man et al. 2010]. The version used in this work does not
have an internal mechanism for generating quaside oscillations (QBOs), although
there have been efforts where relaxation method® leen employed to externally
impose the QBO in the simulationglgtthes et al.2010]. A parametrized gravity wave
drag has been used to drive the Brewer-Dobson latron [Richter et al. 2010]. No
volcanic aerosol emissions have been included irsiooulations.

We shall explore the impact of two sets of SSI tspierived from the NRL solar
model and from the recent SORCE measurements omthael Xo3. The spectral
variability between 115-400 nm for 2004—2007 deguidiy these two spectral datasets as
well as their implications for stratospheric cheanyishave been studied in detail by
several groupsGahalan et al. 2010; Haigh et al, 2010; Merkel et al, 2011]. Their
model results have also been compared againstalytresolved satellite data that are
available during the same period. However, thesdiet did not cover a full solar cycle
due to the limitations of observations.

To mimic a full solar cycle, the SORCE measuremangsextrapolated back to the
last solar maximum in 2002 using the magnesiunoiédo-wing ratio (Mg-1l c/w) index
[Heath and Schlesinget986]. The Mg-Il c/w index describes the varidapibf radiation
from the solar chromosphere and is a good proxyefd¥ wavelengths, especially at ~
205 nm that is important for ozone chemistry. Tihdex is defined as the ratio of the
Mg-Il H and K lines at ~ 280 nm to the wings of #@esorption at ~ 276 and ~ 283 nm,
which is less susceptible for instrument degradatid he long-term Mg-1l ¢/w record
has been constructed using different satellite oreasents of exoatmospheric solar
radiation since 1978, including SORCE after 200#efeck et al. 2004; Snow et al.
2005b]. The records from different measurement leaen validated against each other

and adjusted to composite a single continuous Mgwi index Miereck et al. 2004].

18



— SOLSTICE 5

25 SIM =
. — Mean E 4
& — Lean o
= @
BB ® 3
o
S 10
S 100 200 500 1000
2 5 Wavelength (nm)
I
[}
®» 0 —_—_—
-5
100 200 500 1000

Wavelength (nm)

Fig. 2.1. Solar UV spectral variability derived from SORCE SSI. The blue and orange lines correspond
to SSI data from SOLSTICE and SIM, respectively. The purple line shows the mean of the two at
210-240 nm. The black line is the NRL SSI variation. All spectra have been convolved to the model
grid. The inset shows the spectral scaling factors for extrapolating the observed SSI (April 2004—
November 2007) to the solar max in January 2002. For above 340 nm (not important for OH

chemistry), an arbitrary factor of 3.5 is applied (dashed).

Thus, for period during January 1, 2004—-November Z7, correlation coefficients
between the spectral variations observed by SOR@Ee composite Mg-1l c/w index
are obtained for wavelengths between 115 and 400 Wgsing these correlation
coefficients, the SORCE measurements are extraggblack to January, 2002. The
extrapolated coefficients are shown in Fig. 2.1e BORCE UV variability is generally
larger than that from the NRL model. The relativifedence is ~ 30% at Lymasm-and
much larger (factor of 2—6) at 200-280 nm.

The 10 cm solar radio flux, sunspot number andydalinetaryK anda indices
used in this study were obtained from ftp://ftp.ogwaa.gov/STP/
GEOMAGNETIC _DATA/INDICES/KP_AP/. The Multivariate MSO Index was
obtained from http://www.esrl.noaa.gov/psd/ensol/mEne merged TOMS/SBUV data

were obtained from http://acdb-ext.gsfc.nasa.gotdDservices/merged/data/.
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Table 2.1. Model simulations in this study and their identities. The color codes are assigned in
accordance with the average contour colors shown in Fig. 2.4. Experiment A is run with solar
spectral irradiance (SSI) from the Naval Research Laboratory (NRL) solar model and
climatological sea surface temperature and ice (SST/ice). Experiment B is similar to experiment
A except that the observed SST/ice is used from 1960 to 2009. Similarly, experiment C is run
with exoatmospheric SSI observed by the Solar Radiation and Climate Experiment (SORCE) and
climatological SST/ice. Experiment D is similar to experiment C except that the observed SST/ice
is used. Experiment E is run with no solar-cycle variability in SSI and the observed SST/ice is

used.

Experiment SSI SST/ice
D NRL SORCE fixed Climatological  Realistic
A
B L ©
&
D o [}
E @ o

In this work, wavelengths below 240 nm are deriviedm the spectral
measurements by the Solar Stellar Irradiance CdsgarExperiment (SOLSTICE)
aboard SORCE, whereas wavelengths above 240 noeawed from the measurements
by the Spectral Irradiance Monitor (SIM) aboard SIBR To drive a solar cycle variation
in WACCM, the solar variability in the UV region isharacterized by the fractional
changes from the (extrapolated) solar maximum d¢&rSGycle 23 in 2002 to the solar
minimum in 2007. Then for all wavelengths, the etioin from a solar maximum to a
solar minimum is assumed to follow that Bfp 2. The stratospheric chlorine has been
fixed in the simulations.

The WACCM model is run with the atmospheric modaigy so that there is no
dynamical coupling between the atmosphere and tlearo The oceanic variability is
prescribed by putting in the sea surface temperatand ice (SST/ice) as boundary
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conditions. In order to isolate the effects dudhe solar cycle, the model is run with
monthly climatological SST/ice (experiments A & O)his reduces the interaction or
aliasing with oceanic long-term modes such as tHE@& To evaluate the effects due to
natural oceanic modes, another set of simulatiomis @ebserved SST/ice is conducted
[Hurrell et al,, 2008] (experiments B & D). Besides the ENSO,dhserved SST/ice also
includes a tiny solar-cycle variability of ~ 0.1 g€ak-to-trough4hou and Tung2010].
Therefore, such prescription may mimic a coupledaaphere-ocean system and provide
an estimate of the bottom-up effect on the ozomeénwo abundance due to the solar cycle
[Meehl et al. 2009]. Lastly, in order to estimate the relatemtribution of the simulated
solar response due to that tiny solar-cycle vaitghin the SST/ice, a control run is
performed with observed SST/ice and a time-indepensolar constant (experiment E).

The presence of enhanced aerosol loading due tor malcanic eruptions (e.g., El
Chichon in 1982 and Pinatubo in 1992) may redugeddcentrations in the lower
stratosphere due to enhanced chlorine activatioa.hmodel studyDhomse et al[2011]
showed that the estimation of the lower stratoSph®g responses can be amplified
through the aliasing with volcanic aerosol emissiorhey demonstrated that running the
model with fixed dynamics or constant aerosols Wwélp minimize the aliasing effect.
Thus, in our simulations, a constant backgroundsaioading is adopted.

The model was run from January 1960 to Novembe©20® avoid analyzing
transient signals, the first 10 yr of simulationdl we omitted and data will be analyzed
only from January 1970 to the end of the simulatiorable 2.1 summarizes and defines

the assumptions for these experimental setups.

2.3. Multiple Linear Regression

We follow the procedure for multiple linear regiiessas described iRandel and
Cobb [1994]. The simulate o3 time series are first deseasonalized to obtaintinfipn

anomalies, to which a smoothing 1-2-1 filter isrnthepplied. Subsequently, the solar-
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cycle modulation is retrieved using a simplifiegnession model delineated lin et al.
[2008]:
Xo, (t) =a(t) @+ B(t) [Fy, (1) + y(t) EENSQ( § + residua (2.1)

whereXo3 represents the monthly anomaly of total columnaddFio At) is the 10.7 cm
solar radio flux. Since QBO is not simulated in WK and atmospheric aerosol is
fixed, these terms have been omitted in the regmeswodel. ENSQJ is the ENSO
index described by the Multivariate ENSO Index (MBNolter and Timlin 2011]. The
time-varying coefficientsa, B, and y are the sum of a constant term and annual
harmonics:

a(t)= A+ A coswt+ A sinwt (2.2)

where w =27712 months. Therefore a total of 9 parameters atgeved from the
analysis. The uncertainties of the above 3 coefiits are related to the 9 retrieved
parameters via the following relatioBdvington and Robinspt992]:

var{a(t)} = va{ A} + va{ A} codawt+ vdrA} sfwt
+2co A ,A} cosut+ 2cofA A} simt (2.3)
+2co A, ,A} cosut simot

The time-averaged coefficients and the correspaondintertainties are thus given by

a(t)=A (2.9)

var{a (t)} = va{ A} +%( vaf A} + va{ A}) (2.5)

where the overbar denotes temporal averages.
Note thatRandel and Wi2007] omitted about two years of; @bservations after

the volcanic eruption in 1982 (EI Chichon) and 19Bmhatubo) to reduce aliasing effects
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with aerosol loadings. Since the background aertes@l is fixed, these years will be

retained in the regression analysis.
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Fig. 2.2. Tropical averages of total column ozone X3 between 24°N and 24°S simulated by
WACCM for four experimental setups identified in Table 2.1. The color codes are assigned in
accordance with the average contour colors shown in Fig. 2.4. Overlaid black line is the
regressed time series related to the solar variability described by the product EF10_7, where E
is the time-averaged regression coefficient and Fiy; is the 10.7 cm solar radio flux. Also
shown by pink and green strokes are strong El Nifio/La Nifio events when the absolute

values of the Multivariate El Nifio/Southern Oscillation Index (MEIl) are greater than 1.
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2.4. Results

In this section, the solar-cycle responses in tiopidal averages will be first
established. The relative importance of the modhiatdue to the solar cycle and the
ENSO are studied through the regression coeffisiamid their uncertainties. Then the
latitudinal patterns are presented and are compaitbdobservations derived in previous

studies. Finally, the spatial patterns in the waparea are also discussed.

Tropical averages and regression coefficients

Fig. 2.2 shows the simulated monthly mean of tralp}o; averaged over 24°S—
24°N. Latitudinal area weighting has been appliBde color code for the time series
corresponds to those of the average contour showgi 2.4; see below and Table 2.1.
Regression is then applied to the equatorial aeersng Eqg. (2.1). Th&7 index
multiplied by the time-averaged fitting coefficient3F,,,(t), of the respective
experiments are shown as black lines.

In all experiments, the regression uncertainties (£ ; are ~ 0.6-0.7 DU/108 7
(Table 2.2). The regressed coefficieatsfor the trends are insignificant for those runs
with climatological SST/ice (experiments A & C). @me other hand, there are nonzero
trends for experiments B, D and E with observed/88Tnputs. Part of them may be due
to the trends in the observed SST/ice in the lastet decades (~ 0.3-0.6 K) over the
tropics Keihm et al. 2009]. Note that the regressed coefficients ramstatistically the
same when the linear trend is absent in Eq. (Zhg¢reforea shall not be discussed
further. Finally, the regressed coefficieptéor ENSO are —1.15 + 0.33DU/MEI, —1.39 +
0.36 DU/MEI, and -1.41 + 0.33 DU/MEI for experimem, D, and E, respectively, and
these values are mutually consistent within uncerés. The anti-correlation implies that
Xo3 is primarily controlled by the vertical motion tife tropopause related to the ENSO
modulations, likely through the strengthening/weuaikg of Brewer-Dobson circulation

over the anomalously warm/cool sea surfé&anmp et al.2003].
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Table 2.2. Regression coefficients and corresponding uncertainties (+20) described in Eqs.

(2.1), (2.2), and (2.5). They are temporally averaged according to Egs. (2.3) and (2.4).

Experiment o 16} ~
ID (DU /yr) (DU/100F19.7)  (DU/MEI)
A —0.01+£0.03 3.17+£0.69 0.02£0.32
B —0.054+0.03 2.77+£0.71  —1.15+0.33
C 0.00£0.02 5.53+£0.66 0.08£0.31
D —0.03+0.03 556+£0.77  —1.39+0.36
E —0.04+0.03 —-0.34+0.71 —1.41+0.33

In experiments A and B vere NRL SSI is used, the regressed sojate respons:
B are 3.17 DU/10By7 and 2.77 DU/100F 7, respectively, but these values are a
mutually consistent within uncertainties. The desee@ th: regressed response
experiment B is likely deto modulations by tl ENSO signal. Such modulation is m
notable during the simulati years 19731976, when there were strong and prolon
La Nifnaevents (indicated in Fig. 2.2 by the green bars) lwieichance Xo3 during the
solar minimum. Similarlyin experiments and D,where SORCE SSI is used, the fit
solar-cycle responsgsare 5.53DU/100FR; and 5.56 DU/10Byo; respectively, an
they are mutually consistent within uncertair (~ 0.7 DU/10@07). Therefore, the
solar-cycle response Koz obtained using SORCE SSI is almost two times obtained
using NRL SSI. Furthermore, the difference in that-cycle responsesbtained using
two different SSI settings is statistice significant. The solacycle response obtain
using SORCESSI is close to the observed value « 24°S-24N, which is 5.5¢
DU/100F0 7 [Randel and W2007.

When the solar constant is fixed but tobservedSST/ice is employe in
experimentE, the regressed solar respof is only —0.34 DU/10Bo7 and is muct
smaller than the regressiancertainty 0.7:DU/100Fo 7. Therefore eveitf there is i tiny
modulation due to the solaxcle signal in thcobservedSST/ice, the simulated respor

would not be discerniblagainstthe natural variability through our regression mc
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Fig. 2.3. Values of 8 as a function of latitudes for four experiments identified in Table 2.1. The
color codes are assigned in accordance with the average contour colors shown in Fig. 2.4. Also
shown in gray shade is the solar-cycle sensitivity of Xo; derived from satellite measurements by
the Total Ozone Mapping Spectrometer (TOMS) merged with the Solar Backscatter Ultraviolet
(SBUV). The dashed line is the corresponding sensitivity derived from ground-based
measurements. Both data of TOMS/SBUV and ground-based measurements are extracted from
Fig. 12 of Randel and Wu [2007]. The error bar shows the average regression error, which is 0.6

DU/100F 4,7 (20).

Latitudinal patterns and the equatorial paradox

Fig. 2.3 shows the latitudinal patterns of the taweraged solar-cycle response
between 24°S—24°N. To obtain these results, theesspn analysis has been applied to

individual zonal averages at different latitudelse Tegression uncertaintyqRis roughly
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equal to the error bar shown in Fig. 2.3, whick 8.6 DU/10 07 Also shown are the
solar-cycle response derived from the TOMS/SBU\adaght blue shade), the ground-
based measurements made using Dobson and Brewstrogwtometer, and the filter
ozonometer (dashed lindjipletov et al, 2002]. These data are extracted from Fig. 6 of
Randel and W{R007].

For experiments A and B with NRL SSI input, theasatycle responses are ~ 3
DU/100F107 This agrees with those derived from the grounskdameasurements
[Austin et al. 2008]. In contrast, experiments C and D with SERESI input produce
solar-cycle responses of ~ 5.4 DU/EQ§);, about a factor of 2 larger than those in
experiments A and B, and they agree with thosevéérirom TOMS/SBUV.

In all experiments with solar-cycle forcings, thalues off corresponding to the
WACCM runs are relatively constant over the tropansistent with previous modeling
studies Brasseuy 1993;Lee and Smith2003;Tourpali et al, 2003;Egorova et al.2004;
Austin et al, 2008]. In contrast, the latitudinal patterns I@MS/SBUV and ground-
based measurements are slightly lower at the egalategion below 20° N/S. Previous
simulations byLee and Smiti2003] andMcCormack et al[2007] using 2-D chemical
transport models with solar-cycle forcings only gicé a constant response in the
equatorial region. When QBO is included in the datians, they both found that the
solar-cycle response near the equator becomes ltdvaer that in the mid-latitudes.
Nonetheless, they drew totally different conclusidree and Smitj2003] assert that
such decrease in the response could be statigtieaferences between the solar-cycle
modulation and QBO in the regression analysis whitg&ormack et al[2007] assert
that it is caused by genuine dynamical interactibltod and Soukharegi2003] arrive at
the same assertion proposedNdgCormack et al[2007]. HoweverCamp et al[2003],
who apply a different statistical technique (thepa@mal orthogonal functions) to the
merged TOMS/SBUV data, seem to support the asesriny Lee and Smit{2003].
Moreover, an examination of the CCMVal 3-D modejsAustin et al.[2008] does not
reveal such a decrease in the solar-cycle respugeethe equatorial region. However,
given that the implementation of a realistic QBO3#D models has not matured, it is

hard to conclude which assertion is more plausibleerefore more definitive 3-D
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simulations ofXo3 with more realistic components of solar-cycle ahility and QBO
mechanisms will be required to discern their indiial effects. There is no significant
solar response simulated in experiment E. The ssie coefficien{s is about —0.3

DU/100F7 in the tropics but is smaller than the regressiocertainty.

Tropical spatial patterns

Finally, the regression analysis has also beeneapp the time series at individual
model grid points. Fig. 2.4 shows the equatoriadtisp patterns off between 24°N—

24°S. The corresponding regression errory éte shown in Fig. 2.5.

1SS wio
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18S wip
ISS 30HOS

1SS |eey
1SS 30HOS

1SS Ieed
1SS pexid

DU/100F.
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T T >
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Fig. 2.4. Time-averaged regressed coefficientsE for all experiments in the tropics. The multiple

linear regression is applied to all individual grid points.
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Overall, the solar-cycle responses are close torébpective equatorial averages
and are relatively constant over the tropics witkirb DU/10@ o 7 which is of the same
order as the regression uncertainties. For expetsn® and D, when observed SST/ice
are used, the solar-cycle responses are anomallowslyn the equatorial Pacific. As in
the case as QBO, this is likely due to the stafstinterference from the ENSO
modulation. This can be seen by noticing that tpatial patterns of the regression
uncertainties have a lot more structures when thsewed SST/ice are included,
especially over the Cold Tongue and the Warm Pegibns (Fig. 2.5). In the subtropics,
the uncertainties are generally ~ 1 DU/EQf; and can be greater than 1.3 DU in the
Northern Hemisphere. In the central Pacific, theimum uncertainties can be as low as
0.4 DU/100, 7 for experiments A and C; they are slightly higlter0.6 DU/10@10.7)
for experiments B and D. These clearly show theot$f of ENSO. It also becomes
obvious when one examines the spatial pattern efdlgressed coefficiengsrelated to
ENSO, shown in Fig. 2.6 only for experiments B, ahd E. The coefficientg are
negative all over the tropics. The strongest ENSfdutations of ~ 3 DU/MEI are found
over the north- and south- eastern Pacific. The uladidns are almost zero over the
Warm Pool region, demonstrating the dipole striesguof the ENSO effects. These
spatial patterns are similar to the fourth EOF miatéh byCamp et al.[2003].

As in previous sections, the regressed solar respai —0.3 DU/10B07 In
experiment E is insignificant compared to the regi@ uncertainty shown in Fig. 2.5,
implying that the modulation due to the solar-cyggnal in the observed SST/ice is tiny.
The regression uncertainty seems to be indeperadehe input solar flux and SST/ice.

Rather, it depends largely on the internal varigbdf the model.

Vertical responses

Lower stratospheric £rxesponse between 20-30 km is the main contribbotXios
response. To further elucidate the sensitivity oAQCM to the UV perturbations, Fig.
2.7 shows the tropical vertical ;Qesponses between 25°N-25°S in. These vertical

profiles are derived from monthly averaged modeipots. The uncertainties of the
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Fig. 2.5. Same as Fig. 2.4 except for the uncertainty (20) of the regressed coefficient, varg, on

individual model grid points

model responses are ~ 0.5 %/EQf); above 20 km and ~ 2 %/1B{) 7 below 20 km. The
averaged HALOE, SAGE, and SBUV observations replokig Soukharev and Hood
[2006] are represented by the dots with error b@tsservationally, there is an upper
stratospheric peak of 2% between 40-60 km and arlstvatospheric peak of 3% near
20 km. At 30 km, the observed middle stratosphesponse is statistically insignificant.
For experiments A & B, where NRL SSI is used, aldeweak structure is
apparent in the simulated; @esponse shown, although it is not as pronounsetha

observed. The models@esponse shows a primary peak of 2% at 40 km whiclose to
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the observed response at those altitudes. The d&gopeak of 1% at 20 km is much
weaker than the observed response in the lowdospiaere. In contrast, in experiments
C & D where SORCE SSI is used, the double-pealctsirel is absent and the upper
stratospheric response between 40 km and 60 kegetine (~ 1%), disagreeing with the
observed. However, in the lower stratosphere betw2@-30 km, the simulateds;O
response agrees better with the observed; it isentioan 3 times larger than that
simulated using NRL SSI and ranges between 2—3%elmiddle stratosphere, both the
use of NRL and SORCE SSiI lead to significant enbarent of @, disagreeing with the
observed insignificant response at those altituBasther investigations are required to
understand the relative contributions to the siteda response from photolysis,;O
catalytic chemistry, and dynamics due to UV pertidns.
Above 20 km, the model {desponse is insensitive to the SST boundary condit

On the other hand, the model responses show |lamgad below 20 km, likely due to
aliasing with the ENSO effect. This assertion of #liasing effect is supported by the
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Fig. 2.6. The spatial pattern of the time-averaged regressed coefficients 8 related to ENSO for

experiments B, D, and E.
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control experiment (experiment E), where theredssignificant solar signal above 20
km, but there is an artificial negative solar resm below 20 km. However, since
majority of tropical Q is located above 20 km, this aliasing does notachpn theXos

response significantly.

2.5. Summary and Discussions

This work extends the modeling studiesHdigh et al.[2010] andMerkel et al.
[2011] for middle atmospheric{Zoncentrations. Our simulations were done with imuc
longer periods (1960-2009) in an attempt to min@siatistical uncertainties. The solar-
cycle responses of total column ozoKed) over the tropics in the WACCM model were
simulated using spectral solar variability in UVriged from NRL and SORCE SSis.
For SORCE where the measurements cover only frddv 892010, a full Solar Cycle 23
has been extrapolated based on the Mg-II c/w index.

Using the (extrapolated) SORCE spectral UV date, skimulated solar-cycle
modulation in tropicalXoz has a sensitivity ~ 5.4 DU/1B@, 7 or ~ 2%/106107. This
agrees with the sensitivity observed by TOMS/SBU&though TOMS/SBUV
observations suggest a local minimum of ~ 4.5 HB100~0 7 at the equator, which is
not simulated in the model. However, this is ~ twthe sensitivity observed by SAGE
and ground-based measurements. On the other haimg, NRL spectral UV data, the
simulated tropicaK oz response is ~ 3 DU/16¢, 7 or ~ 1%/106 107 and agrees well with
the SAGE and ground-based measurements.

The difference in the simulatelo; responses that were obtained using NRL and
SORCE SSI mainly comes from the lower stratosphierte. SORCE simulation results in
a lower stratospheric {response ~ 3 times larger than the NRL simulatiod agrees
better with previous satellite observations. Intcast, the SORCE simulation suggests a
negative response in the upper stratosphere wioels dot agree with the observed,
whereas the NRL simulation agrees better with theeovations in that region. This
presents a dilemma to our current understandingt@ospheric @sensitivity to UV
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Fig. 2.7. Tropical average vertical O; response between 25°N-25°S. The color scheme follows
that in Table 2.1. The satellite averages from HALOE, SAGE, and SBUV measurements and their
uncertainties are extracted from Soukharev and Hood [2006]. The uncertainty of the regressed

model responses are ~ 0.5 %/100F, ; above 20 km and ~ 2%/100F, ; below 20 km.

perturbations. However, note that recent stud®s pnd and Cebula2012;Lean and
Deland 2012] reveal that uncorrected instrumental driftsy have caused unexpectedly
large UV variations during 2004—-2007 as reportetiamgh et al.[2010]. Therefore, the
simulatedX o3 solar response may have been overestimated. Telmms performed in
this work will be re-evaluated when corrected SORS3 are available.

Multiple linear regression has been frequently usmd examining solar-cycle
modulations and other forcings in global ozone dasawell as other atmospheric
variables Hood and Soukhare2006;Soukharev and Hop@006;Randel and Wu2007;
Hood et al, 2010; Zhou and Tung2010]. It is easy to implement but it also has to
assume that the forcings are independent of edwr anhd that the responses are linear.
However, in reality these assumptions may not adnagld. For exampldayleehl et al.

[2009] suggests that the net effect of increasdar sosolation during solar maximum
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conditions may result in stronger trade windshe tropical Pacific, which may also
impact the Walker circulation and hence ENSO. Ithgs important to consider the
regression uncertainties when interpreting theltgsin this chapter, it is shown that the
inclusion of ENSO in the model runs does not diatily modify the simulated solar
sensitivity, which is consistent with the conclustoy Dhomse et al[2011].

When studying the potential impacts in our regmsstoefficients due to the
presence of ENSO, the same regression model hareused for different simulations
with and without ENSO forcings. This is slightlyffédrent from the work oMarsh and
Garcia [2007], where they applied two different regreasmodels with and without the
ENSO term on the same simulation. On the other hémou and Tung2010] examined
the solar-cycle modulation in a 150 yr record afbgll SST and found that the resultant
solar response is neither La-Nifia-like nor EI-Nlike: Their conclusion emphasizes the
use of long-term records for establishing a siaily robust signal. Therefore, a longer
simulation up to a centennial time scale may beuired to clarify the interaction
between the ENSO and the solar cycle in model O

Unfortunately our model does not have a prescrgwedilated QBO to further
investigate its effect (generic/statistical aliag) the extracte®X o3 response3chmidt et
al., 2010;Dhomse et a).2011].Kuai et al.[2009] has shown that QBO may interact with
the solar cycle nonlinearly through wave-semianmstillation. This effect must be
considered in future modeling studies.

The difference in th&os solar-cycle sensitivity to UV found in this work likely
to be applicable to other CCMVal models, althouggré may be some nonlinearity due
to dynamical changes. Analogous simulations usthgraCCMVal models help evaluate

the robustness of these changes in solar-cycléiséres [Swartz et al.2012].
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Chapter 3.

Mid-Latitude Atmospheric OH
Response to the Most Recent 11-
Year Solar Cyclée

Summary

The hydroxyl radical (OH) plays an important rola middle atmospheric
photochemistry, in particular ozonezj@hemistry. Because it is mainly produced through
photolysis and has a short chemical lifetime, OkxXpected to show rapid responses to
solar forcing (e.g., the 11-year solar cycle), itesy in variabilities in related middle
atmospheric @ chemistry. Here we investigate such OH variabilising long-term
observations (from space and the surface) and meaellations. Ground-based
measurements and data from the Microwave Limb Seu@lILS) on NASA’'s Aura
satellite suggest a ~ 7-10% decrease in OH columndance from solar maximum to
solar minimum that is highly correlated with chasmge total solar irradiance (TSI), solar

Mg Il index, and Lymarw during Solar Cycle 23. However, model simulatioising a

T Part of the chapter has been submittedrtes. N. Acad. Sci. U. S. f&a Wang, S., K.-F. Li, T. J. Pongetti, S. P. Sande
Y. L. Yung, M.-C. Liang, N. J. Livesey, M. L. SamteJ. W. Harder, M. Snow, and F. P. Mills (2012)d#4titude
Atmospheric OH Response to the Most Recent 11§efar Cycle.
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commonly accepted solar UV variability parametdima give much smaller OH
variability (~ 3%). While this discrepancy couldsudt partially from the limitations in our
current understanding of middle atmospheric chewisécently published solar spectral
irradiance data from the SORCE suggest a solar ahaility that is much larger than
previously believed. With a solar forcing derivedni the SORCE data, modeled OH
variability (~ 6—7%) agrees much better with obagons. Model simulations also reveal
the detailed chemical mechanisms, suggesting theh SOH variability and the
corresponding catalytic chemistry may dominate @eresponse to SC in the upper
stratosphere. Continuing measurements through &yale 24 are required to further

understand this OH variability and its impacts gn O

3.1. Motivation

As mentioned in previous chapters, accurate simunsbf the @ response to SC is
required for better understanding the sun-climel&ion Hood et al, 2010;Matthes et al.
2010]. However, the SC signal inzGimulated by different models show quantitative
differences, which may be due to differences in @hogisolutions, model parameterizations
related to dynamical processes, and/or photocheniisat has not yet been critically
examined Brasseuy 1993;Austin et al. 2008]. Diagnostic studies must involve not only
O3 but also species that catalytically destray €dch as odd-hydrogen (H©& H + OH +
HO,) [McElroy and Salawitch1989;Osterman et al.1997;Sandor and Clangy1998;
Canty and Minschwang2002;Mills et al,, 2003;Salawitch et al.2005].

The major catalytic loss terms for odd oxygen abée&km are associated with the
HO, family [Osterman et al.1997;Jucks et aJ.1998]. The important rate-limiting steps in
these catalytic cycles are the OH H@ O) and H@ + O; (or O) reactions.

Since HQ is the controlling chemical family for {On the upper stratosphere it is
important to understand the reactions that prodinckedestroy HQthere. Reactions which
create HQare:
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0, +hv - O('D)+0, (R6)

0O('D)+H,0 - 20H (R7)
and

H,O+hv -~ OH+H. (R8)

while the removal processes are

OH+HO, - H,0+ G, (R9)
and

H+HO, - H,+0,. (R10)
The key reactions involved in H@artitioning are

O+HO, - OH+ O, (R11)
and

O+O0OH - H+O,. (R12)

Many of the rate constants for the above reactiares highly uncertain at upper
stratospheric temperatures, leading to signifieantertainties in model calculations of
the OH vertical profile. Measurements of OH fromUMS will help constrain the

sources and sinks of ozone and contribute to tlerstanding of upper stratospheric

ozone trends.

3.2 Forcing of HO, by the 11-Year Solar Cycle

Because OH is mainly produced through photolysea@®ons R6 and R7) and has
a short chemical lifetime (~ hours), OH is expectedshow rapid responses to solar
forcing, e.g., the 11-year solar cycle. The resgltOH variability can serve as a good
indicator of solar-induced changes in atmosphewmpmosition and chemistry, in

particular, middle atmospheric;©hemistry due to catalytic H®eaction cycles.
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However, in the past, very few studies have beefoeed on the HQresponse to
the solar cycle ¢anty and Minschwanger2002; Mills et al, 2003]. Moreover, little
attention has been paid to the impacts of such @&hges on ¢) given the fact that
significant differences exist among various studi@sQ; response to the solar cycle
[Brasseuy 1993;Soukharev and Hoo@006;Randel and Wu2007;Austin et al. 2008;
Haigh et al, 2010;Kyrdla et al, 2010;Merkel et al, 2011;Beig et al, 2012;Li et al,
2012; Swartz et al. 2012]. The lack of investigations on ki€olar cycle variability is
mainly due to the limited long-term systematic atdadons. Among the handful of
available ground-based OH column measuremduisnett and Burnett1996;Iwagami
et al, 1998;Cageao et aJ.2001;Canty and Minschwangf002;Mills et al., 2003] that
show large discrepancies, two measurements aretng our OH measurements at
NASA Jet Propulsion Laboratory’s (JPL) Table Moumt&acility (TMF) since 1997
[Cageao et a). 2001; Mills et al, 2003] and observations at NOAA Fritz Peak
Observatory (FPO) in Colorado since 19Buinett and Burnett 1996; Canty and
Minschwaney 2002]. Based on the FPO OH record over 1977-2@8, column
variability of +4.2% was derived and believed to &&sociated with the solar cycle
[Canty and Minschwangr2002]. TMF OH data over 1997-2001 also impliedotar
cycle signal Mills et al,, 2003], while a more solid conclusion require®ager data set
to cover at least one complete solar cycle. We hawe an extended FTUVS OH data
record for nearly 15 years, covering the entireaB@Glycle 23 and the rising part of Solar
Cycle 24. This long record, in combination with th@que satellite measurements of OH
from MLS on board NASA’s Aura satellite (2004-201Pjckett 2006; Pickett et al.
2008;Wang et al.2008], provides a great opportunity to invesegdie solar cycle effect
on HQ, chemistry.

The objectives of the present work include: (i)yidong observational evidence of
SC-related changes in OH column abundangg*om more than 15 years of ground-
based measurement, augmented by 5-year satelliten€t$urements by the Microwave
Limb Sounder (MLS) aboard Aura; (ii) quantifyingethmpacts of using SORCE UV
variability on Yoy SC variability with a three-dimensional (3-D) wh@tmosphere

community climate model (WACCM)Marsh et al, 2007] and a one-dimensional (1-D)
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photochemical model Allen et al, 1984]; and (iii) estimating the sensitivity of
stratospheric ©to the SC-related OH changes obtained in (ii).eNbat previous studies
on the Q response to SC investigate the overall \@riability due to chemistry and
radiation. Our objective (iii) is to illustrate threle of OH in the SC modulations of; O
chemistry.

This study is the first effort using long-term OHeasurements from space and the
surface to investigate the OH response to the &Wjding a basis for simulating long-

term variability of HQ chemistry in the middle atmosphere.

3.3. Data and Models

Ground-based FTUVS at TMF measures the total Olnaol under clear-to-
lightly cloudy conditions. The major systematicoeris the uncertainty in the OH line
center absorption cross section (10%). The pretifo a single data point (~ 15 minute
interval) is generally within 10% and is substdhtianproved when using the daily max
determined from the polynomial fit of the diurnariation. The gaps (1-2 months in some
cases) in the time series are due to weatherumstit adjustments or upgrades, and
measurements for other species. When deriving @esi§nal using regression, an index
describing the vertical propagation of the quasnhial oscillation (QBO) in the
stratosphere was also included in the analysiswhatfound to be insignificant. The effect
of ENSO (EI Nifio/La Nifia-Southern Oscillation) walso found to be negligible.

MLS OH data used in this study are from v3.3 retdesoftware. The systematic
uncertainty is within 8% over 32—0.0032 hRPickett et al. 2008]. We use data at 21.5—
0.0032 hPa to avoid the increasing noise due,f® &bsorption at higher pressures. The
zonal mean around TMF [29M, 39.5N] is used. A similar analysis using data from a
10°x25° grid box at TMF was also performed. The resules similar to those presented
here.

WACCM uses MOZART3 as the chemical mechanidvarsh et al, 2007].

Chemical species are all allowed to vary during ehadns. For each UV setting, the
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Fig. 3.1. Mean profiles in the 1-D model

model is run from 1960 to 2010. The first 4 yearsignored to allow the model to spin-
up. We use the monthly mean output to derive theSQHsignal. We also generated daily
max outputs during solar max year and solar mirr yeacompare with results using

monthly mean. The diurnal effect is found to bepsmall.

The 1-D Caltech/JPL photochemical model includesr d00 chemical species,
over 460 thermal and photochemical reactions, cadrtiransport (eddy, molecular, and
thermal diffusion), and coupled radiative trangfdten et al, 1981]. The chemical kinetics
have been updated to JPLO6&ander et a).2006]. A more recent update of JPL10-6
[Sander et a).2011] does not introduce significant differenoagnajor reactions related to
HO, chemistry. 65 layers are used to cover from tloeigul to 130 km. The OH fluxes at
the surface and the top of the atmosphere are &gerkro. During model runs, chemical
species are not constrained unless otherwise stlbedtemperature profile is fixed. The
model has been applied to study the diurnal cy€l®ta [Pickett et al. 2006]. Typical
model profiles of OH, g and related species are shown in Fig. 3.1.

The SOLSTICE measurement has a spectral resolofioril nm and an absolute
accuracy within 5%. The SIM measurement has varspegtral resolution (~ 1 nm in UV)

and an absolute accuracy within 2%.
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3.4. Observational Evidences

Studies on SC-modulations of OH had been limitethe past by the lack of long-
term systematic observations. The only two longiteecords are &y measurements at
TMF in California [Cageao et a).2001] and at NOAA Fritz Peak Observatory (FPO) in
Colorado Minschwaner et al.2003]. Based on the FPQyXdata during 1977-2000, an
Xon Variability of £+4.2% (or 8.4% peak-to-valley), wdsrived and attributed to the 11-
year SC Mills et al, 2002]. A trend suggestive of a similar SC respdnsTMF Xon data
during 1997-2001 was also reportétils et al., 2003], but the robustness of such analysis
was limited by the short period of the observatidnghis study, we update TMFo¥ data
to 1997-2011, covering most of the SC 23 and 8iegiportion of SC 24.

Xon IS measured by a high-resolution Fourier transfoultraviolet-visible
spectrometer (FTUVS) at TMF at an altitude of ~ RB in Wrightwood, California
(34.#N, 117.7W) [Cageao et a). 2001]. FTUVS makes diurnal o measurements
during daytime. Two dominant natural variabilit@sOH are the diurnal cycle due to the
change of solar zenith angle (SZA) over the coafseday and the seasonal cycle which is
a combined effect of varying SZA and sources of [0t al, 2005]. To focus on the SC
signal, we first minimize the diurnal effect by ngidaily max (Fig. 3.2a) determined by a
polynomial fit of the diurnal patterrii et al, 2005]. The average time of daily max is
close to 20:00 Universal Time (UT) (local noon). fanimize the seasonal effect, we
applied a fast Fourier transform (FFT) low-padefito the X%y daily max. The result of 2-
year FFT (removing variations with frequencies bigithan once every two years) is
selected to best represent the long-term variabiidt is primarily due to the SC (Fig. 3.2a,
red line). Further FFT filtering smears the SC algmwhile less FFT filtering retains
additional interannual features that are not rdlaeSC (e.g., 1-year FFT shown in Fig.
3.2a, green line). We also applied a regressiolysinaising the long-term Lymamnindex
as a proxy for SC. The results are consistent Ritf analysis. All results are normalized
by the all-time-mean ¥ (Fig. 3.2c). The TMF ¥4 SC variability is found to be 10+3%
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Since the launch of Aura in July, 2004, daily glbdd distribution has been
measured by MLSHickett 2006]. Excellent quality MLS OH data has been clestrated
through extensive validations with airborne andugazbased measurements and modeling
[Canty et al. 2006;Pickett et al. 2008;Wang et al. 2008]. Nearly continuous MLS OH
data are available from 2004 (middle of the destinphase of SC 23) to the end of 2009
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Fig. 3.2. Daily max OH column at TMF and its SC variability. (a) Daily max FTUVS Xgy (black) and its
long-term variability based on FFT (red and green). (b) Daily zonal mean MLS Xy around TMF
latitude (black) and its annual mean (blue). (c) Long-term FTUVS Xgy variability normalized to all-
time-mean (red and green: from FFT; gray: from regression) and the comparable variability in MLS

Xon (blue)

from peak to valley, where the uncertainty is eatad from regression described by Eq.
(2.5). This 10% variability agrees with that obsshover FPOCanty and Minschwaner
2002], although the absolute values gfrom FPO and TMF, both in mid-latitudes, have
shown statistical differences of several tens ofga Mills et al,, 2002].
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(start of SC 24). To support TMF observations, weu$ on MLS OH at TMF latitude
(29.5N-39.5N). Data between 21.5-0.0032 hPa are integratgiyécan estimate of g,
which covers ~ 90% of the total atmospheric OMahg et al. 2008]. Therefore such
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and MLS (blue) Xou. (b) Model Xoy variability is increased by a factor of 3 (gray) to compare with
observed Xg SC signal (red and blue). The gray band indicates the scatter range of model Xg
variability over the simulated SCs. (c) and (d) are equivalent to (a) and (b) but for model results

using SORCE SSI.

integration is expected to include most of the &@a. Furthermore, the average MLS
overpass time at TMF during daytime is ~ 21:00 Wihg et al.2008], making MLS ¥y
close to TMF daily max ¥4 (~ 20:00 UT). Fig. 3.2b shows the zonal mean dsils
Xon over TMF and the annual average (mid-August to-August) in which the seasonal
variation is removed. The first-year mean (Aug 269Aug 2005) is used to normalize the
annual mean 4 to obtain the relative variability (Fig. 3.2c, bl which is primarily due

to the SC, with small additional interannual vaoias. The resultant trend is in good
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agreement with that of TMF o, although only five annual mean MLS data points ar
available and the slightly high MLS g8 during 2007-2008 may require further
investigation. Between 2004 and 2009, MLS annuahrm¥,y decreased by over 3%.
Based on the scale of TMRoX variability, we estimate the total SC signal in $1Xo to

be ~ 7%.

As a robustness test, theoX SC signals obtained above are compared with
observations of various solar parameters (Fig.. 3m@ependent TSI measurements have
been provided by a number of satellite instrumeimse 1978. Due to calibration issues,
TSI data from different instruments may show simitands but different absolute values.
Based on these observations, various versions bfcdi@posite have been constructed,
e.g., ACRIM (primarily from measurements by 3 gatiens of Active Cavity Radiometer
Irradiance Monitor) $cafetta and Willsgn2009] and PMOD (from Physikalisch-
Meteorologisches Observatorium Davos World Radiwa@enter) Froehlich, 2006]. These
composites, as well as the most recent TSI measmteif2003-2011) by the Total
Irradiance Monitor (TIM) Kopp et al, 2005] aboard SORCE, are plotted in Fig. 3.3a.
Despite quantitative differences between ACRIM d&MdOD which may be due to
uncorrected instrumental driftskgpp and Lean 2011], both composites clearly
demonstrate a prolonged solar min near the end®f28. SORCE TSI is annually
averaged and the composites are smoothed to rethevehort-term variability. The
extracted SC signals ingg show excellent correlation with SORCE TSI (Fig8l8.and
generally follow the TSI composites (Fig. 3.3c)thwsome differences in the ascending
phase of SC 23. While TSl is a good indicator @f ititegrated solar spectrum variability,
short-wavelength UV radiation may vary differenflpm longer-wavelength radiation.
Therefore, we also compare the observegd ¥ariability with those in solar Lymaan-at
121.5 nm and the magnesium (Mg)-1l index near 280(composites from the Laboratory
for Atmospheric and Space Physics and NOAA, respyg), which are proxies for solar
UV variations. They both well correlate with thesebved > variability over SC 23 (Fig.
3.3d).
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3.5. Model Results and Discussions

We simulated the SC modulation ipxXwith WACCM, a 3-D global atmospheric
model extending from the surface to the lower tlusphere (2). The advantage of using
WACCM is that chemistry, radiation, and dynamic® dully coupled, providing a
comprehensive simulation of SC effects ogyXat mid-latitudes. Four 50-year-long
WACCM runs with different prescriptions of solar UMriability (to be described below)
were carried out.

Most climate models with prescribed solar forcirsg @& parameterized solar spectral
irradiance (SSI) variability developed at the NaRaisearch Laboratory (NRL), which is
primarily based on space-borne UV measurementagd®91-2000Lean et al. 1997].
Fig. 3.4a shows the simulated annual megp om 1964 to 2010 using this NRL solar
forcing. TMF and MLS Xy are represented by model OH integrated from thgeup
mesosphere down to 2.3 km and 25 km, respectiVely.average SC signal inoXis only
~ 3% from max to min, suggesting differences ofaetdr of ~ 3 between model and
observations (Fig. 3.4b). Note that another rurhwite standard WACCM SC setting
(parameterized UV variability based on observationgrevious solar cycles) shows
similar results.

While the differences could be partially caused ligitations in our current
understanding of middle atmospheric #H@ chemistry, the uncertainty in solar UV
variability could be a dominant source. Considerihg significant difference between
SOLSTICE and SIM SSI variability at 210-240 nm, performed two WACCM runs
using combined SSI variability from the two instemis, with cutoffs at 240 nm and 210
nm, respectively. Fig. 3.4c shows the annual meamem X,y using SORCE SSI
variability (SOLSTICE below 240 nm; SIM above 24@)n The Xn SC variability is ~
6% (twice of that in Fig. 3.4b) and agrees muchebetith observations (10% for TMF;
7% for MLS); the difference between the WACCM résahd TMF observations is
reduced to a factor of ~ 1.5 (Fig. 3.4d). The oM&XCCM run using 240 nm as cutoff
between SOLSTICE and SIM data gives a slightlydad variability of ~ 7%, reducing
the difference between model and observationsféztar of ~ 1.3. Availability of longer
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SORCE UV data covering the recent solar min (200892 and the rising portion of SC
24 in the future are needed before we can draw nobrest conclusions.

To better understand the detailed mechanism of €idanse to SC, we use a 1-D
photochemical modelAllen et al, 1981; Allen et al, 1984] to study the vertical and
spectral distribution of OH sensitivity to SSI clgas. It has the advantages of much higher
computational efficiency and flexibility than WACCMllowing for a wide range of
sensitivity studies to elucidate the underlying hasgssms responsible for the OH response
to SC. The spectral OH response, defined as tizeafathe relative change in model OH to
the relative change in solar photon flux at the abphe atmosphere (%-[OH] / %-photon
flux) highlights the important processes for OH folohemistry (Fig. 3.5a): (i) OH
enhancements at 65-90 km and 50-80 km occur at h-gmend 170-200 nm, where
direct HO photolysis is the major OH source. (ii) Positdel responses at 210-320 nm
correspond to enhanced Photolysis followed by enhanced OH production tigto the
reaction of O{D) (from O; photolysis) with HO. (iii) Negative OH responses at above 80
km correspond to enhanced photolysis ef(160—200 nm) and £3255-290 nm), which
produces atomic oxygen, a sink species for OH. &fiect is insignificant in Xy due to
the very low OH abundance at these altitudes Negative response at 190—-220 nm below
40 km is caused by a shielding effeMil[s et al, 2003] resulting from enhanced UV
reduction by the enhanced overhead(Q; at higher altitudes with a positive response to
SC (5) absorbs more UV and diminishes the pho®igates at lower altitudes). It mostly
cancels out effect (ii) at these altitudes, leadrggnall net negative response.

The vertical profile of model OH response to 3@OH]) (Fig. 3.5b) is obtained by
convolving the spectral response in Fig. 3.5a Bl variability (black line: using NRL;
blue line: using SORCE). An earlier modeling work ®anty and Minschwand002]
(orange) using a solar forcing similar to that &tINis close to our model result using NRL
SSI. SuchA[OH] is the overall OH change due to changes intgisis and OH
sources/sinksA[OH] derived using SORCE SSI is generally largemtithat using NRL,
owing to the greater solar UV variability from SORQt is up to 18% at 70-80 km, near
5% at 40—60 km, and slightly negative at 30—40 knparticular, by using SORCE SSI,
OH SC signal increases by a factor of 2 at 40—60Tkme integrated & response derived
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using NRL SSI is 3.7%; when SORCE SSI is usedXihg response increases to 6.4%.

These values agree well with those from WACCM.

3.6 . Implications

Catalytic Q loss above ~ 40 km is primarily controlled by H®actions McElroy
and Salawitch1989;0sterman et al.1997;Salawitch et aJ.2005]. Q in this region of the
atmosphere is expected to show early signszdager recoveryNewchurch et al.2003]
and has a strong impact on global stratospheripaestures, circulation, and thus climate
[Muller and Salawitch 1999]. Our findings of OH response to SC have ortgnt
implications on the ©@changes associated with k@ariability. Previous studies on thg O
response to SGHaigh et al, 2010;Merkel et al, 2011;Li et al,, 2012;Swartz et al.2012]
are for the overall @change 4[O3]) including direct changes through photolysis,iieck
changes through £estroying catalysts (e.g., HPand possible indirect changes through
thermal structures and circulation. It is importamtjuantify the impact of each individual
process. Here we discuss the componed{©f] that is solely due ta[OH] (denoted by
0[O3]). We made additional 1-D model runs by constrajdi|OH] to values from the runs
performed above using NRL and SORCE SSI and fikikgflux (no other components of
A[Og]). All species other than OH are allowed to vantilureaching steady state. The
resultant @ change represent§O3] (Fig. 3.5c). Above 60 kmg[O3] = A[OH] holds
approximately Canty and Minschwang002]; The peak[O3] at 75 km is —15% and—
18% for the runs using[OH] from NRL and SORCE SSI, respectively. Below 40,
0[O4] is negligibly small. Between 40 and 60 km, usj@H] from SORCE SSI instead
of from NRL leads to nearly doubleOs]. Merkel et al.[2011] showed that WACCM
modeledA[O3] at 40-60 km increases drastically from 0.5% to W#en NRL SSI is
replaced by SORCE SSI. Similar results are alsaindd using other modelslqigh et al,
2010;Swartz et al.2012]. These changesAfO3] at 40-60 km are close to thatdfO4]
alone, suggesting that OH SC variability may be dbaninant factor underlying the;O
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Fig. 3.5. Vertical profile of OH SC signal and its implications for Os. (a) The spectral response of OH
to changes in wavelength-resolved solar irradiance (the relative change in OH divided by the
relative change in the photon flux) from the 1-D model. The reference UV spectrum for
perturbation is constructed with SOLSTICE data below 210 nm, SIM data above 240 nm, and the
mean of SOLSTICE and SIM at 210-240 nm where they disagree (see Fig. 3.4). (b) Vertical profiles
of OH SC signal from the model run using NRL SSI (black), using SORCE SSI (blue; shade
representing the upper and lower limits of results derived by using SOLSTICE or SIM data at 210—
240 nm), and from Canty and Minschwaner [2002] (orange). (c) The corresponding O; variability

[solely due to the changes in OH in panel (b)]

response to SC in the upper stratosphere. Moretitptame diagnostic studies will help

confirm it.

3.7. Concluding Remarks

Both 1-D and WACCM models using NRL SSI produceXap response to SC that
is much smaller than observe@Xat TMF. The use of SORCE SSI gives results much
closer to observations. Thus the uncertainty in\&8gability may be a primary limitation

for accurate modeling of OH variability and theresponding catalytic £change. While
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the NRL model could have underestimated the solairfg in SC 23, several other factors
involving the trends in OH sources/sinks could hemetributed to the larger observed OH
variability.

One candidate is the trend in atmospher© H5olomon et al.2010]. Satellite and
ground-based measurements revealed a decreasidgpfra few %/year in $O at 16—26
km during 2000—20055olomon et al.2010;Hurst et al, 2011]. Remsberg [2010] reported
an increasing trend in mesospherighHof ~ 1%/year at 60—-80 km. We approximate the
H,0 trend at 26—60 km by linear interpolation andutated the impact of these trends on
OH using the 1-D model (Fig. 3.6). The resultardnge in X%y is only —0.2%/year. The
decreasing kD trend Hurst et al, 2011] has also stopped since 2005, suggestihg lit
impact on the observedsX decrease during 2005-2009.

Similarly, a non-SC @trend may also contribute to the observesl; Xhange. A
recent study using ground-based lidar measuremant TF showed ~ 2%/decade; O
trend at 35-45 km after 199%tginbrecht et al2006]. Unfortunately, there is no report of
the trends at other altitudes. Assuming 2%/decadalif altitudes, our 1-D model suggests
negligibly small change ingf; of ~ 0.08%/decade

Models using SORCE SSI variability produce apyXesponse (6~7%) that agrees
much better with observedoX (~ 10% from FTUVS; ~ 7% from MLS). The remaining
small difference is within the uncertainty rangelfdF Xopn, and could also originate from
the aforementioned small impacts ofHand Q trends. In addition, the SORCE SSI
variability in this study is extrapolated from 20@007 back to the max of SC 23 in 2002,
but the SSI in 2007 is expected to be slightlydatban the real SC min (2008—-2009). This
could also lead to a slightly underestimated OH ssghal from the model. Updated
SORCE SSI data in the future could help to conttis.

While models using SORCE SSI over SC 23 as solaninip agree better with
observations than those using NRL SSI, it is &idl early to conclude that climate models
should switch from NRL to SORCE SSI. Questions ianss to why previous SSI
measurements during earlier SCs did not show sugk hariability, whether SORCE SSiI
variability is applicable to other SCs, and whetther difference is at least partially due to

possible shortcomings in the NRL model and/or calibn issues of SORCE instruments.
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Fig. 3.6. Trend in H,0O and the corresponding OH change from 1-D model simulations. The color
line shows the trend in H,0, based on stratospheric trend during 2000—-2005 from Hurst [2011],
mesospheric trend from Remsberg [2010], and linear interpolation for other altitudes. The black
line shows the 1-D model result of OH change in response to the H20 trend. Note that Remsberg
[2010] also reported an SC-like decadal variability in mesospheric H20, which we do not consider
as a long-term trend to avoid counting the SC response twice. As a sanity check, our 1-D model can

simulate such an SC-like decadal variability in mesospheric H,O nicely.

In any case, continuous long-term observationsotdrsSSI, OH, @ and other
related chemical species through the SC 24 aréatfoc further investigations to solve the
above puzzle. While MLS OH observations were temfilgrsuspended at the end of 2009
to prolong its remaining lifetime, a month-long ree@ment in each summer in the next
few years is planned to cover the peak of SC 2#& dihique dataset, in combination with
the continuous ground-based FTUVS measurementk,pmalide valuable information
about the global and vertical distribution of th€ Signal in OH. The latter, with an
accurately measured SSI variability, can rigorousbt the photochemical mechanisms in

current models.
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Chapter 4. Reviewof MJO

Summary

The MJO is the most important mode of tropicalas&rasonal variability and is a
bridge between daily/weekly weather patterns anty-tlerm climate variations. It is
characterized by slow (~ 5 m/s) eastward propagatmd is strongest during boreal
winters. Its evolution can be divided into eightapbs described by the Real-time
Multivariate MJO (RMM) index. Phase 1 represents emhancement of convective
anomalies over the Indian Ocean, which propagatsvaad in the subsequent phases until

they cross the International Dateline in Phase 8.

4.1. The Madden-Julian Oscillation (MJO)

Jon von Neumann wrote in 1955, on the extendecerahgeather predictions,

“The approach is to try first short-range forecasten long-range forecasts of
those properties of the circulation that can pemtet themselves over arbitrarily
long periods of time ... finally to attempt forecést medium-long time periods
which are too long to treat by simple hydrodynath&ory and too short to treat by

the general principle of equilibrium theoryvdn Neumannl955]

Even after fifty years of advance in our knowledgatmospheric science, von Neumann'’s
assertion is still underway. Today, short-rangedasts would mean weather predictions

extending out from days to about 1 week, and l@mge forecasts would mean climate
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predictions extending from interannual (e.g., EN&®¢entennial time scales. In between
are the medium-long time period forecasts, inclgdiropical intraseasonal variability
(TISV), which is less well understood. The mostaihdg form of TISV is the Madden-
Julian Oscillation (MJO; period 40—60 days).

Based on limited rawinsonde and surface statioa mal970sMadden and Julian
[1971; 1972] speculated that the MJO is charaadrlzy slowly eastward-propagating (~
5 m/s), large-scale oscillations in tropical cortixexcloudiness (and hence rainfall) over
the equatorial Indian Ocean and western Paciftb@sesult of an eastward movement of
large-scale atmospheric circulation cells orientethe equatorial zonal plane. Evidence
of such eastward propagating clouds in satelhtie was first presented Bruber[1974]
and Zangvil [1975] whoboth found large-scale eastward propagating featuigh a
period near 40-50 days at the equatdhéncloud brightness data. The MJO is strongest
over the warmest tropical waters in the equatdmidibn and western Pacific Oceans during
boreal winter (November—April) when the Indo-Pacitvarm pool is centered near the
equator Madden and Julian1971; 1972Zhang 2005;Lau and Waliser2011]. It impacts
a wide range of phenomena and is predictable wikh#h weeks. Numerous interactions
between the MJO and other weather/climate procéssesbeen described. These include
the onsets and breaks of the Asian-Australian namsthe evolution of El Nifio/La Nifia
and the character and strength of higher frequémopycal variability, the diurnal cycle,
tropical cyclones, and extreme precipitation eveiits date, our weather and climate
models have a relatively poor representation ofMld®©, and a comprehensive theory is
still lacking [Zhang 2005;Waliser et al. 2009].

Schematic features of the MJO are illustrated g &il. In the equatorial Indian and
western Pacific oceans an MJO event shows a laaje;seastward-moving center of
strong deep convection and precipitation (activasph, flanked by weak deep convection
and precipitation in both east and west (suppreggebes). In association with the
eastward-propagating equatorial convective cloudl aainfall system are strong
variations in lower-level (typically at the 1.5 kor 850 hPa level) and upper-level
(typically at the 13 km or 200 hPa level) largelscamospheric wind fields along the

equator and in the subtropics. Unlike the convectioudiness that is mostly confined
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Fig. 4.1. Schematic propagation patterns of MJO. Adapted from Madden and Julian [1972].

over the equatorial Indian and western Pacific @sgthe large-scale wind anomalies of
the MJO extend globally along the equator and th& subtropics. For example, along
the equator, low-level zonal winds converge int® ¢bnvective center, while upper-level
zonal winds diverge away from the convective cenfteese lower and upper-level zonal
winds are interconnected through ascending (upweartical movement) moist air within
the convective center and descending dry air oeitdid convective center. These large-
scale zonal winds propagate eastward togethertivitlconvective cloudiness along the
equator and can reach into the western hemispbhastefn Pacific, Atlantic, and Africa).
In addition to these zonal winds along the equat@ large-scale gyre circulations
extending into the subtropics in both the lowerd apper- troposphere that are tied to the
eastward-propagating convective cloudiness andl zands along the equator.

4.2. Mechanisms

During the MJO amplification (e.g., over the easténdian Ocean), convective

heating anomalies are positively correlated wittngerature anomalies. This implies
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production of eddy-available potential energy (EAP®hich can be used to drive
atmospheric motion and sustain the MJO. When th® Mdcays (e.g., over the eastern
Pacific or east of the Date Line), temperature aa@m®s are nearly in quadrature with
convective heating anomalies. As a result, the ywtodn of EAPE is small and no longer
supplies energy for the MJ®Igndon and Salhyl994]. For water vapor, the composite
evolution of moisture shows markedly different ieat structures as a function of
longitude. There ia clear westward tilt with the height of the morstumaximum
associated with the MJO propagating eastward acthss Indian Ocean. These
disturbances evolve into nearly vertically uniformoist anomalies as they reach the
western Pacific. Near-surface (below 850 hPa) pesikvater vapor anomalies were
observed to lead the convection anomaly by 5 dags the Indian Ocean and western
Pacific. Upper-level positive water vapor anomaiiese observed to lag the peak in the
convection anomaly by 5-10 days, as the upper $mpere is moistened following
intense convection. In the eastern Pacific, thestnoe variations then become confined
to the lower levels (below 700 hPa), with upperelewater vapor nearly out of phase
[Tian et al, 2010].

In the Indo-Pacific warm pool, the temperature aalymexhibits a tri-modal
vertical structure: a warm anomaly in the free asghere (800-250 hPa) and a cold
anomaly near the tropopause (above 250 hPa) atitkitowertroposphere (below 800
hPa) for the wet phase. The moisture anomaly disws markedly different vertical
structures as a function of longitude and the gttef the convection anomaly. Most
significantly, over the Indian Ocean and westergifta enhanced convection and
precipitation is generally preceded in both timd apace by a low-level warm and moist
anomaly and followed by a low-level cold and dry@maly. This zonal asymmetry in the
low-level moisture and temperature anomaly proviadavorable moist thermodynamic
condition for the eastward propagation of the MJ@i et al, 2010]. During the dry
phase of the MJO, suppressed convection is asedcigith decreased cloud cover,
increased surface insolation, and anomalous sudasterlies. Thesmmomalous surface
easterlies act to decrease the surface wind spsslie theéackground surface winds

are weak westerlies in the equatorial Indian/westeacific Oceans, hence decreasing
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Fig. 4.2. The leading EOFs of the combined OLR, ugso, and u»g. Extracted from Fig. 1 of

Wheeler and Hendon [2004].

the surface latent heat flux (or evaporation). éasedsurface shortwave radiation and

reduced surface evaporation contribute to the wagrof SST for the dry phase. During

the subsequent wet phase of the MJO, enhanced canvés associated with increased

cloud cover and decreased surface insolation. Assalt, the SST warming trend is

arrested and a cooling trend is initiated. Subseifyiehe continued cooling of the upper

ocean is accelerated by increased westerly suwacgs leading to enhanced surface

evaporation and increased entrainment of cold wiaben below the thermocline. Then
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the wet phase is followed by another dry phase wB®m warming occurs. Therefore,
over the Indian Ocean and western Pacific,ethieanced convection is usually led by a
warm SST anomaly to the east due to enhamsadiation and decreased evaporation, and
followed by a cold SST anomaly to the west duedoreased insolation and enhanced
evaporation. When the convective anomaly approatchesDate Line, the surface
evaporation anomaly and surface solar radiatiomahptend to cancel each other. Thus,
the SST anomaly is rather small over the easteaifi€aas is the convective anomaly.
This convection-SST phase relationship leads maienssts to believe that the MJO is a
coupled mode of the tropical oceatmosphere systentgndon and Glick1997;Wang
and Xie 1998].

4.3. The RMM Index

To study the evolution of MJO, a training indexieeded to define different stages of
the MJO development. The phases of MJO have beantitatively defined through the
All-season Real-time Multivariate MJO (RMM) IndeWheeler and Hendor2004]. The
RMM index consists of a pair of principle compon¢inte series, called RMMand
RMM,, which are the projection of the daily observed®(putgoing longwave radiation
(OLR) and NCEP/NCAR re-analysis and/or Australiaurdau of Meteorology Research
Center Global Analysis and Prediction (GASP) ansal§50 and 200 hPa zonal winds, with
the annual cycle and components of interannuahbiity removed, on a pair of multiple-
variable EOFs. Two such EOFs are the leading paEE®@Fs of the combined daily
intraseasonal filtered fields of near-equatoriaieraged (15°S—-15°N) NOAA OLR and
NCEP/NCAR 850 and 200 hPa zonal winds for all seasmm 1979 to 2001 (23 years)
and describe the key features of MJO. The spdtiatsres of the two EOFs are shown in
Fig. 4.2. The leading EOF structure accounts foB%4of the total variance of the three
combined fields. It has a region of negative OLPoraalies, indicating enhanced
atmospheric deep convection, between about 80°Blendate line. The 850-hPa level

winds show westerly anomalies to the west of thennt@ntre of convection, and
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Fig. 4.3. The RMM index during boreal winters of November 1974-April 2012. Each
phase is characterized by enhancement of convection at particular regions.

easterlies to the east, with the 200-hPa wind atiesbeing close to the opposite. The
pattern thus describes a large vertically-orierdgiedulation cell along the equator with

upward motion being implied in the region of negatOLR anomalies, and downward
motion outside that region. The second EOF stracton the other hand, accounts for
12.2% of the total variance, with it being approately in quadrature with the first.

Together the EOFs form a degenerate pair, and tay represent the spatially
propagating signal of the MJO.

Using the RMM index, the MJO lifecycle has beendbd into eight phases. Phase 1
represents developing positive rainfall anomaliesthie western Indian Ocean, with
sequential progression to Phase 8 correspondiniget@astward propagation of positive
rainfall anomalies across the eastern Indian Odetamitime Continent, western Pacific,
and onto the central/eastern Pacific Ocddendon and Salhyl994]. Fig. 4.3 shows the
(RMM;, RMM,) phase space for all days in boreal winter fro02€@ 2010 and the
number of days for each phase of the composite E\&e. The RMM index can be
obtained from Ifttp://www.cawcr.gov.au/bmrc/clfor/cfstaff/matw/mapm/RMM)).
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Chapter 5.

Vertical Structure of MJO -Related
Subtropical O; Variations”

Summary

The vertical structure of MJO-related subtropicalM@riations has been investigated
using the vertical @ profiles from the Aura Microwave Limb Sounder (ML&nd
Tropospheric Emission Spectrometer (TES), as welinasitu measurements by the
Southern Hemisphere Additional Ozonesondes (SHAD@®@)ect. The subtropical O
anomalies maximize approximately in the lower esphere (60-100 hPa). The spatial-
temporal patterns of the subtropical @omalies in the lower stratosphere are very aimil
to that of the total column. In particular, the droth dynamically driven by the vertical
movement of subtropical tropopause. The subtropiaglal G column anomalies between
30-200 hPa account for more than 50% of the totalc@umn anomalies. TES
measurements show that at most 30% of the tatab@dmn anomalies are contributed by
the tropospheric components. This indicates trestlbtropical total columns@&nomalies
are mostly from the @anomalies in the lower stratosphere, which suppbg hypothesis
of Tian et al. [2007]. The strong connection between the intsmea subtropical
stratospheric @variations and the MJO implies that the stratogph@; variations may be

predictable with similar lead times over the subizs. Future work could involve a similar

i Published in Li, K.-F., et al. (2012), Verticalwstture of MJO-related subtropical ozone variatibosmn MLS, TES,
and SHADOZ dataAtmos. Chem. Phyd.2, 425-436, doi:10.5194/acp-12-425-2012.
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study or an @budget analysis using a sophisticated chemicasp@t model in the near-

equatorial regions where the observed MJO sigridtsta column Q are weak.

5.1. Motivation

Tian et al.[2007] documented the spatial and temporal pattefrise tropical total
column Q (TCO) in connection with large-scale MJO convattiand circulation
anomalies. It was found from the measurementseoT tital Ozone Mapping Spectrometer
(TOMS) [Stolarski and Frith 2006] and the Atmospheric Infrared Sounder (AIRS)
[Chahine et a).2006] that the total columnz@nomalies of 5-10 DU are mainly evident
over the subtropics in the Pacific Ocean and thstega hemisphere. The subtropical
positive (negative) total column zCanomalies flank or lie to the west of equatorial
suppressed (enhanced) MJO convection and propatpaty eastward (~ 5 m/s). The
subtropical TCO anomalies are typically collocatetth the subtropical upper-tropospheric
cyclones/anticyclones and are anti-correlated wébpotential height anomalies near the
tropopause. They therefore asserted that thatulbieopical TCO are dynamically driven
by the vertical movement of the subtropical tropmgalayer and mainly associated with
the Q variability in the stratosphere rather the tropesp. However, they were limited by
the TCO observations. To verify their assertioerghis a need to investigate the vertical
structure of @variation.

A number of additional studies have examined vargtructure of @variation in the
upper troposphere and lower stratosphere that neayelated to the MJO. Based on
ozonesonde data in Indonedtajiwara et al.[1998] suggested that the upper tropospheric
ozone enhancement is tied to the passage of Kelaires and the MJO. In studying an
“Ozone Mini-Hole” (OMH) event over the Tibetan Rlati during December 2003 et
al. [2009] found that the majority of ozone reductajrthat OMH event was located in the
upper troposphere and lower stratosphere, basetheorMichelson Interferometer for
Passive Atmospheric Sounding (MIPASEdrtesi et al. 2007] and Global Ozone
Monitoring by Occultation of Stars (GOMOSKyrola et al, 2004] ozone profile data.
Further analysis indicates that this ozone redncimothe upper troposphere and lower
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stratosphere is a result of the uplift of the tymase by the upper-tropospheric anticyclone
over the Tibetan Plateau induced by an MJO eveet the equatorial Indian Ocean and
western Pacific. A recent work ofMeare 2010] also found significant stratospheric ozone
variations associated with MJO using ERA-40 reasialgzone data. These results appear
to be consistent witfiian et al, [2007] that the subtropical intraseasonal totdimn Q
anomalies are mainly associated with vertical mau@nof subtropical tropopause. To
further understand the relative contribution of fiom different atmospheric layers,
especially stratosphere versus troposphere, tsuhtopical total column £Oanomalies,
we use contemporary satellite observations ianditu measurements to investigate the
vertical structure of subtropicalsvariations related to the MJO. In particular, wse u
vertical @ profiles derived from the Earth Observing Systdb®$) Microwave Limb
Sounder (MLS) and Tropospheric Emission Spectrom@ES) on Aura satellite and
measuredh situ by the Southern Hemisphere Additional Ozoneso(SE&DOZ) project.

5.2. Data and Methods

The v2.2 Q product Livesey et a).2008] from the EOS MLS measurement from
November 1, 2004-February 6, 2010, will be usede WH.S instrument\Vaters et al.
2006] was launched in 2004 on the NASA Aura s&teltito a sun-synchronous near-polar
orbit with equatorial crossing times of 01:43 ar®i4B local solar time. The MLS O
product is retrieved from observations of atmosjghttrermal emission near 240 GHz
using a limb-viewing geometry. Profiles are reteédwevery 165 km along the sub-orbital
track on 6 levels per decade of pressure from A& through the stratosphere, with
vertical resolution of ~ 3 km in the upper troposgh These profiles have been screened
per the MLS data quality documentijesey et a).2007] and gridded by averaging data
over 5 longitude x 4 latitude into daily values. With this gridding odstion the global
coverage is completed in ~ 1 week. No criterionlieen applied to select the line of sight
angles or the solar zenith angles. Given the neghtilong wavelengths of MLS

observations, retrievals are negligibly perturbgdniiany clouds that strongly perturb
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Fig. 5.1. (@) The number of days constituting each MJO phase during the observational
periods of interest. Only days with strong MJO activity (RMM,” + RMM,” > 1) are considered.
The green triangles represent days with MLS Os; observations during the boreal winters
(November — April) of November 2004—February 2010; the red dots represent days with TES
O; observations during the boreal winters of September 2004—August 2008. (b) The time
series of RMM indices. The strong MJO events during the observational periods are denoted
by the triangles and circles for MLS and TES, respectively. The indices lying in the grey region

are considered to be weak MJO events and are ignored in the analysis.

observations at infrared and visible wavelengthscdfimended screening is generally
successful in removing v2.2 profiles that are digantly impacted by scattering from large

ice particles in convective coreSdhwartz et al.2008].
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The Level-2 (L2) @ profiles measured by TES from September 20, 2@0August
18, 2008, Beer et al. 2001;Jourdain et al. 2007;Worden et a].2007] are also used in this
study. TES is an infrared Fourier-transform speu#ter also aboard the Aura satellite,
covering the spectral range 650—-3050"c(8.3—15.4um) [Beer 2006]. It has a high
spectral resolution at 0.025-0.1 ¢mnd a horizontal swath footprint of 5.3 km x Ok58.
O profiles are retrieved from the infrared chanmealgering the @v; band (1050 cimor
9.6 um) using a nonlinear optimal estimation algorithRoflgers 2000; Worden et al.
2004; Bowman et a).2006] on 67 pressure levels between the surfadebahPa, with a
vertical spacing of ~ 0.7 km below 10 hPa. Thefaiad channels are most sensitive o O
at levels between 900 and 30 hPa with a verticlugion of 6 km for clear sky scenes.
The retrieved TES tropospheric 3 Qorofiles have been validated with SHADOZ

(a) MLS (b) TES
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Fig. 5.2. Number of MLS/TES soundings in each MJO phase during the observational periods
of interest. The patterns of MLS statistics in Panel (a) appear to be discretized in space
because the MLS profiles are retrieved every 165 km along the sub-orbital track, which is

approximately 1.5° latitude in the equatorial region.
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ozonesonde measurements [ Worden et al., 2007]. When and where there are optically thick
clouds, the TES-retrieved O; profiles below the optically thick clouds comes mainly from
the a priori Os profile, because the retrieved O3 information below the cloud tops can be
very low [Kulawik et al., 2006; Eldering et al., 2008]. For this study, the TES swath O3
data were binned into the same 5°-longitude x 4°-latitude grid boxes of MLS described
above. The global coverage is completed also in ~ 1 week at this gridding resolution. The
number of individual retrievals being averaged in each grid box is recorded and served as
weighting in the MJO-composite averaging.

To compare the MJO modulations in Os as observed by MLS and TES, we also study
the MJO modulations in the Level-3 (L3) total column O3 data derived from the Ozone
Monitoring Instrument (OMI) [Levelt et al., 2006a] aboard Aura during November 1,
2004—February 28, 2010. OMI is an extension of the TOMS instrument. Total column O
are retrieved from OMI radiances in the spectral region 307-332 nm and 359-361 nm
[Levelt et al., 2006b]. The original OMI O; column has been averaged daily into 0.25°
longitude x 0.25° latitude grid boxes. As for TES, we regridded the daily data into the same
5° longitude % 4° latitude grid boxes of MLS.

The SHADOZ project [Thompson et al., 2004; Thompson et al., 2007] has collected

Table 5.1. Datasets used in this work. MLS Level-2 (L2) v2.2 O; and TES L2 O; are swaths
products. They have been regridded into 5°-longitude x 4°-latitude daily products in this
work. OMI Level-3 (L3) O3 and TRMM 3B42 rainfall has also been regridded into 5°-longitude
x 4°-latitude and 2.5°-longitude x 2°-latitude daily products, respectively, in this work (see

text). Fiji is located at (178.40°E, 18.13°S).

Name Time Span (DD/MM/YYYY)  Original Resolution Reprocessed Resolution
MLS L2 O3 01/11/2004-06/02/2010 Swath Daily, 5° lon x 4° lat
TES L2 O3 20/09/2004—-18/08/2008 Swath Daily, 5° lon x 4° lat
OMI L3 O3 01/11/2004-28/02/2010 Gridded daily. Daily, 5° lon x 4° lat
0.25° lon x 0.25° lat
SHADOZ O3 01/01/1998-31/12/2008 Weekly/biweekly -
over Fiji
TRMM 3B42 01/11/2004-28/02/2010 Gridded 3-hourly, Daily, 2.5° lon x 2° lat
rainfall 0.25° lon x 0.25° lat
ERA-Interim 01/11/2004-31/01/2010 Gridded 3-hourly, -
GPHy 59 1.25° lon x 1.25° lat
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Fig. 5.3. The deseasonalized (cyan) and the bandpassed (orange) time series over Fiji
observed by MLS. The grey shades are the boreal summer seasons (May—August), when data
have been ignored in the MJO phase averages. The strong MJO events during the

observational periods are denoted by the triangles for MLS as in Fig. 5.1(b).

over several thousand vertica} @rofiles from the troposphere to the middle ssplere
since 1998 from 14 tropical and subtropical sitesg balloon-borne electrochemical
concentration cell (ECC) ozonesondes. Among all SADOZ sites, Fiji (178.4,
18.13S) is the best site for this work because the ttetee are available from January
1998 to December 2008 between the surface and ithstratosphere (~ 20 hPa), and it
lies in an area that was found to have strong Md@ad total Q variability [Tian et al,
2007].

To indicate the spatial patterns and propagaticaradheristics of the equatorial
convective anomalies associated with the MJO, we Topical Rainfall Measuring
Mission (TRMM) 3B42 rainfall data from November 2004, to February 28, 2010. The
TRMM 3B42 rainfall data are estimated from multigkgellites as well as gauge analyses,
where feasible, at fine scales (0.260.25 and 3 hourly) [Huffman et al. 2007]. For this
work, the rainfall data are averaged daily orf Zohgitude x 2.0latitude grids. To indicate
the vertical movements of the subtropical tropoparedated to the MJO, the 150 hPa
geopotential height (GPkh) from the European Centre for Medium-range Weather
Forecasting (ECMWEF) Interim reanalysis product (ERg£erim) [Dee et al. 2011] from
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Fig. 5.4. MJO-related stratospheric O; anomalies integrated between 30--200 hPa in color
shades derived from (a) MLS and (b) TES. For simplicity, only MJO phases 1, 3, 5, and 7 are
plotted with a 1-2-1 running average applied (see text). Furthermore, a 20°-longitude x 10°-
latitude spatial running average has been applied to remove high wavenumber fluctuations
of O; anomalies. The MJO-related rainfall anomalies are overlaid as red (+1 mm day™) and
green (-1 mm day™") solid contours with a 10°longitude x 6°latitude spatial running
average applied. The MJO-related 150 hPa geopotential height (GPH.5,) anomalies are
shown as solid (+10 m) and dotted (-10 m) black contours with a 9°-longitude x 6°-latitude

spatial running average applied. The location of Fiji (178.4°E, 18.13°S) is represented by ().

November 1, 2004 to January 31, 2010, is used. d¢o-rocess has been applied to the
GPH 5o data. We summarize the properties of the aboasett in Table 5.1.

To capture the MJO signal in the @ata, a running-average band-pass filter for 15—
90 days is first applied to the time series. Thendentify MJO events for producing a
composite analysis, the RMM daily index is usedm@osite MJO cycles of interested

guantities, such as rainfall, 30and geopotential height, are produced by sepwarate
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averaging together all daily values of the giverargity for each phase of the MJO,
considering only strong amplitude events where RFMMRMM,? > 1. This compositing
procedure, or closely analogous ones, has becarnenmon methodology for examining
impacts associated with the MJOdn et al, 2010, and references therein].

Since the MJO is strongest during boreal winterev@inber—April) when the
influence from the Asian monsoon is minima@lhfing and Dong2004], we are only
interested in the MJO events during this seasomnWovember 2004—February 2010
when the MLS @ measurements are used in this work, there arestrabg MJO events
during boreal winters, which constitute 53-106 daysach of the 8 phases (Fig. 5.1, green
triangles). As a result, a total of 50—-120 MLS stings are averaged in the grid boxes for
each phase (Fig. 5.2a). Similarly, during Noven#i¥i4—February 2008 when the TES O
measurements are used in this work, there are strbhg MJO events during boreal
winters, which constitute 53—106 days in each ef@lphases (Fig. 5.1, pink dots). Because
TES has much lower horizontal resolution, only talt@f 10-30 TES soundings are

averaged in the grid boxes for each phase (Fig)5.2

5.3. Results and Discussions

To examine the MJO variability of the stratosph&i¢c the Q anomalies associated
with the MJO are integrated from 30—200 hPa to thee'stratospheric” column anomalies.
It should be noted that for TES, the averaging éermear 200 hPa might have a
significant tropospheric component in the tropiosl @ubtropics. This may give rise to
some of the differences between TES and MLS. Aarradtive would be to use 100 ppb O
to determine the bottom level for the stratosphesiamn. For simplicity and a qualitative
investigation, we adopt the former definition imstivork.

The intraseasonal variability in stratospheric ooluQ; can be seen from the
seasonal anomalies. As an example, Fig. 5.3 shHosvddseasonalized (cyan) time series
over Fiji observed by MLS. The MLSz@nomalies are obtained by averaging the swath

footprints that fall into the XOongitude x 8 latitude box centered at Fiji. MLS has almost
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Fig. 5.5. The MJO variability in Oz columns derived from MLS and TES observations. The
variability is defined as 2 standard deviations of the MJO cycle (see text). The location of Fiji
(178.4°E, 18.13°S) is represented by (*). The rectangular boxes enclose representative

subtropical regions (80°E—200°E, 14°N/S—34°N/S) where the MJO modulations are largest.

daily coverage over the enclosed region. The ordingeis the bandpassed time series,
which resembles the intraseasonal variability enrtw time series.

By averaging over individual MJO phases during Bbwnters, the spatial patterns
of the MJO-modulation in the stratospheric@lumns for MLS and TES are obtained and
they are shown in Fig. 5.4a and b, respectivelyofcshades). For brevity, only MJO
phases 1, 3, 5, and 7 are plotted; and for clarity2-1 running average over MJO phase is
applied. For example, the Phase 1 map shown isexage of phases 8, 1 (doubly counted),
and 2. Furthermore, a 2ngitude x 10 latitude spatial running average has been applied
to remove high wavenumber fluctuations of @homalies. To illustrate the convective
activities, the MJO-composite rainfall anomalieg averlaid as red and green solid
contours with a 1%ongitude x Blatitude spatial running average applied. The pgapan
pattern of rainfall is consistent with those deditesl in previous studies using the extended
empirical orthogonal functions (EEOR)Rliser et al. 2005;Tian et al, 2007]. Therefore,
we expect that the MJO patterns obtained from EB@FMEOF will be similarTian et
al., 2010]. The MJO-composite GRdd anomalies are shown as solid and dotted black

contours with a 9longitude x & latitude spatial running average applied.
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Fig. 5.6. (a)(i) Regional MJO variability of O; concentration (in unit of DU km™) derived from
MLS measurements in regions (80°E—200°E, 14°N/S—30°N/S), which are enclosed by the
rectangular boxes in Fig. 5.5. As in Fig. 5.5, the variability is defined as 2 standard deviations
of the MJO cycle; (a)(ii) Regional MJO variability of partial O; columns integrated from 30 hPa

to pressure levels below. (b) Same as (a) except for TES.

Tian et al.[2007] examined the MJO in TOMS and AIRS tota €@lumns using
EEOF (see their Figs. 1 and 2). Their Lag —2 (setjesponds roughly to our Phase 1 (7).
In general, the spatial-temporal patterns of thatatpheric @ column anomalies of the
MJO composites for MLS and TES are similar to thiostotal G of TOMS and AIRS.
During Phase 1 (Lag —2), enhanced convection,disaited by positive rainfall anomalies
is found in the western equatorial Indian Oceancdntrast, suppressed convection, as

indicated by negative rainfall anomalies, residesrdhe equatorial Indo-Pacific Warm

70



Pool. As a result, upper-tropospheric cyclonic gyaee formed over Asia and the western
Pacific on the northern subtropics as well as #stezn Indian Ocean and Australia on the
southern subtropics, both on the west side of guaterial suppressed convectiditehdon
and Salby 1994]. These subtropical cyclones induce downwiaogiements of subtropical
tropopause, as indicated by negative @ldnomalies. Thus, both MLS and TES show
positive stratospheric {xolumn anomalies (a few Dobson units; c.f. Fi§) @ver these
subtropical regions. During Phase 3 (Lag 0), theaened convection becomes stronger
and wider and it moves to the eastern equatordinOcean and Maritime Continent, and
the suppressed convection becomes weaker and raraos it moves to the South Pacific
Convergence Zone (SPCZ). As a result, upper-trdpogpanticyclonic gyres are formed
over the Middle East on the northern subtropic&/as as the southern subtropical Africa,
both on the west side of the equatorial-enhancauvemtion. They induce upward
movements of subtropical tropopause, as indicaie@dsitive GPHso anomalies and
negative stratosphericz@olumn anomalies over these subtropical regionshasvn by
both MLS and TES. Phases 5 and 7 (Lag +2 and Lagredvery similar to Phases 1 and 3,
respectively, except for an opposite sign. Thesdéia@patterns of rainfall, GPkb and Q
anomalies move eastward with a speed of ~ 5 mfa fibhases 1 to 7. The subtropical
stratospheric @column anomalies for 14 |latitudesk 34° are moderately anti-correlated
with the subtropical GPH, anomalies in both MLS and TES with linear corielat
coefficients of —0.75 for MLS and —0.60 for TESspectively.

The MJO variability of stratospherics@t the grid points derived from MLS and TES
O3 observations are shown in Fig. 5.5. It is defiasdwo standard deviations of the 8-
phase MJO cycles in the enclosed regions, whiclghiguequates the amplitude of the
MJO cycle. For both observations, the MJO varipbilat the subtropical regions
(!atitudes|> 19 is larger than those in the deep tropics (|latiglid 15°). In the northern
subtropics, the MJO variability is generally 5-8 Dar the Indo-Pacific region, whereas
in the southern subtropics, it is 1-2 DU. In otwerds, the MJO variability in the northern
subtropics is generally a factor of 2—4 larger titawse in the southern subtropics. This
north-south gradient is also evident in the TOM&fumm O; data reported iffian et al.

[2007]. As will be discussed below, this gradienaiso found in the recent OMI column
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Fig. 5.7. Pressure-longitude cross sections of the MJO-related O; anomalies in the northern
subtropics averaged between 14°N and 30°N from both MLS (a) and TES (b) . A 20°-longitude
spatial running average has been applied to remove high-wavenumber fluctuations. Solid
lines denote the MJO-related TRMM rainfall anomalies averaged between 5°S and 5°N.
Dashed lines represent the MJO-related ERA-Interim GPHi5o anomalies averaged between

15°N and 30°N in unit of decameters (1 Dm = 10 m).

O3 data. The MJO variability in the deep tropics bhsesved by TES (~ 1 DU) is slightly
larger than that as observed by MLS (< 0.5 DU)sThay be partly due to the fact that
TES & concentration may have a significant tropospheamponent, where the MJO
modulations in the tropospherig @ay be due to different mechanisms that are otheof
scope of this work.
To quantify the relative contributions of the stsgiheric versus tropospherig @

the observed MJO modulations in the total columnr€presentative subtropical regions
where the MJO modulations are largest in the réisqgebemispheres are chosen. These
regions are defined as ®3-200E, 1£4N/S—-34N/S, which are enclosed in Fig. 5.5. The

overall MJO variability in the vertical £xoncentrations there is shown in Fig. 5.6a(i) and
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b(i). For both MLS and TES, the MJO modulationséhavpeak in the lower stratosphere
near the tropopause at ~ 100 hPa. The maximumtieasaare ~ 0.4 DU kihand ~ 0.2
DU km™ for the northern and southern subtropics, respslgti This supports the idea that
the MJO modulations found in TOMS and AIRS totgc@lumn are related to the vertical
displacements of the tropopause. In the northemmdpdere, the altitude where the signal
peaks at for MLS is the same as that for TES. Buhe southern hemisphere, the altitude
for MLS is slightly lower than that for TES by ~kin. This difference is, however, within
the vertical resolution, ~ 6 km, of TES near tlopapause.

Fig. 5.6 a(ii) and b(ii) show the MJO variability the partially integrated £column
from 30 hPa to pressure levels below, including¢hm the troposphere. Both MLS and
TES show variability of ~ 4 DU and ~ 2 DU at ~ 1BBa in the northern and southern
subtropical region, respectively. We compare th®Ndodulations in @as observed by
MLS and TES with that in the total columny @ata derived from OMI in Fig. 5.6a(ii) and
b(ii). We applied the same band-pass filter and M@&®positing method to OMI
column anomalies and obtained the MJO patterns.v@hability in the regions defined
above from OMI total @ column are 5.0 and 2.6 DU in the northern and heyat
subtropical regions, respectively, which are ~ 2@fger than those in the subtropical O
column derived from MLS and TES. Although there aquantitative differences between
OMI, MLS and TES measurements, qualitatively thevabcomparison shows that the
majority of the MJO variability in the total{@olumn comes from the lower stratosphere,
and the factor-of-2 difference in the MJO-amplitsideetween the northern and southern
subtropics seems robust.

TES Q profiles also allow us to estimate the fractidddlO variability in the total @
column due to the tropospheric components. From3&p(ii), the total cumulative MJO
variability of O; at the surface is 4.0 DU and 2.2 DU in the northend southern
subtropics, respectively. On the other hand, theesponding cumulative MJO variability
of Oz from surface to 200 hPa is 1.1 DU and 0.6 DU, 480 2nd 27%, in the northern and

southern subtropics, respectively.
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Fig. 5.8. As in Fig. 5.7 except for the southern subtropics. The O3 anomalies (color shades)

are averaged between 14°S and 30°S; the GPH,5, anomalies (dashed) are averaged between

15°S and 30°S. The location of Fiji (178.4°E, 18.13°S) is denoted by the star ().

Fig. 5.7 shows the pressure-longitude cross sextibthe MJO-related £anomalies
in the northern subtropics averaged betweeiN Jahd 30N from both MLS and TES. A
20 longitude spatial running average has been appbedemove high-wavenumber
fluctuations. Overplotted are MJO-related equakgeaanfall anomalies averaged between
5°S and 3N from TRMM (solid lines) and MJO-related subtradicGPHso anomalies
averaged between T% and 30N from ERA-Interim (dotted lines). Eastward propiagas
are seen in the anomalies of, @Gainfall, and GPkso The MJO-amplitude of the equatorial
rainfall is +2 mm day. It has a positive anomaly in the western Indiaea in Phase 1,
which then propagates to the central Pacific insBt&a The corresponding MJO-amplitude
of the northern subtropical GRddis +20 m. The upper-tropospheric subtropical ayet
(negative GPlp anomalies at Phase 3) lead the equatorial enhatmaakction (Phase
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6) ,while the latter leads the upper-tropospheautatrepical anticyclones (positive G4l
anomalies at Phase 7) by 5-10 days. This is censigtith the relationship between the
equatorial rainfall anomalies and subtropical GigHinomalies shown in Fig. 5.4. In
general, positive @anomalies are found when GRFanomalies are negative in all phases,
supporting the idea that the; @nomalies are mainly related to dynamical moti@wth
MLS and TES data indicate that the same sign ofrgpisal Q anomalies at the same
location can be found from 200 hPa to 30 hPa batttaximum @ anomalies are
approximately in the lower stratosphere.

Similar result is also found in the southern sytital O; anomalies between 13
and 30S, which are shown in Fig. 5.8. The samel@fAgitude spatial running average has
been applied and MJO-related subtropical GRldnomalies from ERA-Interim (dotted
lines) averaged between°$hand 3¢5 are overplotted. The equatorial rainfall anonsalie
are the same as those in Fig. 5.7. Overall thevaastpropagations of £and GPHsp are
similar to those in the northern subtropics. TheOMaimplitude of southern subtropical
GPH50 is comparable (20 m) to that in the northern sagats. The @ anomalies here,
however, are only about half of those in the narttseibtropics, as noted above.

As a form of validation, the vertical structurestioé MJO-related ©anomalies over
Fiji (178.40E, 18.13S) derived from MLS and TES are compared to th@seed from
SHADOZ. The MLS Q anomalies are obtained over the lihgitude x 8 latitude box
centered at Fiji, which is the same region thatliesn used to derive the time series in Fig.
5.3. There are in general 300—400 daily valuesgoaireraged in each MJO phase during
the boreal winters (Fig. 5.9). The TES &omalies are similarly obtained in the enclosed
region. There are only 20-80 daily values beingrayed each phase due to lower
horizontal resolutions than MLS. On average, TE®iples about one daily observation or
two per week over the box enclosing Fiji. On theeothand, for the SHADOZ project over
Fiji, there is only one @measurement or two biweekly over the site. Assalteroughly
10-20 daily values are averaged in each phasegdtirenboreal winters. We applied the

same band-pass filter to SHADOZ time series.
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Fig. 5.9. The number of MLS (blue) and TES (green) swath footprints that fall into the 10°
longitude x 8° latitude box centered at Fiji used in this study. The count of MLS has been
scaled down by a factor of 4. The number of SHADOZ ozonesonde measurements used in

this study is shown in red.

In Fig. 5.10, solid lines denote MJO-related rdlrdaomalies from TRMM averaged
between 55 and 8N at 178.8E. Dashed lines represent Gigfanomalies at (178E,
18°S) from ERA-Interim. The equatorial rainfall anomalat 178.%= show a minimum in
Phase 2 and a maximum in Phase 6. Meanwhile, tiadp81omalies have a minimum in
Phase 4 and a maximum in Phase 7. The MJO anorofildsS and TES @show a peak-
to-trough amplitude of ~ 0.35 DU khat ~ 100 hPa and ~ 80 hPa, respectively, and their
maximum amplitudes both occur in Phase 4. On therdtand, the SHADOZ £anomaly
shows a peak-to-trough amplitude of ~ 0.3 DU%ah~ 100 hPa. In general, the maximum
MJO amplitudes in SHADOZ are attained in Phases 4-5. The quantitativerdiftees
between MLS/TES and SHADOZ may be due to the muwetel sampling rates of
SHADOZ. Moreover, there is a vertical tilt in thel&DOZ Oz anomaly, which is formed
by the extension of a positive anomaly in PhaseZ0@ hPa to that in Phase 5 at 30 hPa.
Qualitatively, there is also a hint of verticat tit the anomalies of both MLS and TEG O
concentrations. These agreements among MLS, TES,SHADOZ indicate that the
vertical structures of the {anomalies from MLS and TES, should be trustwotthgive
insight into the objective posed by this study.
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Fig. 5.10. Vertical structures of the O3 anomalies over Fiji (178.40°E, 18.13°S) from (a) MLS,
(b) TES, and (c) SHADOZ as a function of MJO phase for the composite MJO life cycle. The
MLS and TES O3 anomalies are obtained by averaging the swath footprints that fall into the
10°longitude x 8°latitude box centered at Fiji. Solid lines denote MJO-related rainfall
anomalies from TRMM averaged between 5°S and 5°N at 178.5°E. Dashed lines represent

GPH;5 anomalies at (178.5°E, 18°S) from ERA-Interim.

5.4. Summary and Concluding Remarks

Tian et al. (2007) found that the MJO-related to@lmn Q anomalies are mainly
evident over the subtropics in the Pacific Ocead #me eastern hemisphere. The
subtropical total column £anomalies are typically collocated with the subittal upper-
tropospheric cyclones/anticyclones associated thighdynamics of the MJO and are anti-
correlated with geopotential height anomalies nélae tropopause. From these
observational results, it was speculated that ghdrgpical total column ©@anomalies are
mainly associated with thesQrariability in the stratosphere rather than ttepdsphere.
Vertical O; profiles from MLS and TES provide a unique oppoitigi for examining this
hypothesis and understanding the relative contabubf different atmospheric layers,
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especially stratosphere versus troposphere, teuhtopical total column £Oanomalies.
The composite MJO analysis above suggests thasphgal-temporal patterns of the
subtropical stratosphericsGnomalies from MLS and TES are similar to thosehef
subtropical total column £anomalies from TOMS and AIRS as reported previo(ilBan

et al., 2007). In particular, the anomalies inghbtropical stratospheric;@nd those in the
total column are both dynamically driven by the tieat movements of subtropical
tropopause layer, characterized by the GEH'he MJO modulations in subtropicak O
have peaks in the lower stratosphere in both ML TS data, but the peak of MLS B
located at the pressure level 100 hPa, which igidian that of TES Dlocated at 80 hPa.
Furthermore, TES measurements show that 20-30%edbtal Q column anomalies are
contributed by the tropospheric components. Thengths of the MJO modulations over
Fiji derived from MLS and TES Proughly agree with that derived from tie situ
measurements by SHADOZ. This indicates that thé&rgpisal total column @anomalies
are mostly from the ©@anomalies in the lower stratosphere, which suppbe hypothesis
of Tian et al. (2007).

Currently Q vertical profiles have also been retrieved frone tHuggins band
observed by OMI but these products are under dexedat and evaluation (Liu, 2010a, b).
Future work could involve an{budget analysis using a sophisticated chemicaspart
model and a similar study in the near-equatorigiores and/or tropospheric regions where
the MJO signals in total £are weak and other source and sink processes enplaying
larger and possibly compensating roles. This stigiyonstrates the potential for the MLS
and TES @to improve our understanding of @ynamics and chemistry, and its effects on
climate change. Given that the potential predititglof the MJO extends to lead times of
2—-4 weeks \Valiser et al. 2003], the strong connection between the intsased
subtropical stratospheric ;Ovariations and the MJO implies that the stratosph@s;

variations may also be predictable with similadiéenes over the subtropics.
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Chapter 6.

A Link Between Tropical
Intraseasonal Variability and Polar
Stratospheric O5°

Summary

In the last chapter, subtropical upper troposplwvef stratosphere (UTLS) ozone 3fO
has been shown to be modulated by the MJO. Thiptehafurther studies the
teleconnection of MJO in the Arctic UTLS;ominant signals (13—-20 Dobson units) are
found over regions northwards of 30°N. Over theti&rcthe UTLS Q anomalies are
dominated by wavenumber-2—-3 structures and arecantlated with the geopotential
height (GPH) anomalies at 250 hPa. The latter aidg that the 9©anomalies are
associated with dynamical motions near the tropspasimilar to those found in the
tropics in the last chapter. Thus air quality oer Arctic can also be affected by tropical

dynamics through teleconnection.

8 To be submitted tétmos. Chem. Phy® Li, K.-F., B. Tian, K.-K. Tung, L. Kuai, J. R. Wden, and Y. L. Yung
(2012), A link between tropical intraseasonal Maitiy and polar stratospheric ozone.
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6.1. Motivation

Intraseasonal anomalies of moist deep convectiothentropics evolve together
with the global atmospheric circulation. It is wkilown that the MJO can influence the
extratropical dynamicsKim et al, 2006;Pan and Lj 2008] and is the major source of
predictability on intraseasonal time scales ingkieatropics Jones et a).2004;Jung et al.
2010;Lin et al, 2010;Vitart and Moltenj 2010]. Tropical convection and extratropical
weather may be linked through redistribution of snéy convection associated with
broad-scale overturning circulations, global angiaeal cycles of atmospheric angular
momentum Egger and Weickmanr2007; Weickmann and Berry2009], and Rossby
wavetrains that extend eastward and poleward athesmidlatitudesJin and Hoskins
1995]. Conversely, tropical convection may alsorbedified by extratropical waves
[Hoskins and Yang2000]. The associations between the tropical arulatropical
patterns frequently express themselves as glolslamenection patterng-grranti et al,
1990; Cassou 2008; Roundy and Gribble-Verhagef010]. For a review of the MJO-
teleconnection, please see Chapter 14anfand Walisef2011].

Both Tian et al.[2007] and the materials presented in the prevahapter limited
their discussions to tropics and subtropics (x4®fly. However, possible effects of the
MJO on the @over extratropical or polar regions have not hegastigated. Anomalous
extratropical flows can be forced by tropical vaitti perturbations resulting from diabatic
heating associated with the MJO cyckefranti et al, 1990; Weare et al. 2012]. The
extratropical response in the GPH during borealtavins dominated by anomalous
circulations at ~ 60°N. Some studies suggest thatcirculation patterns of the GPH
anomalies may correlate with the Pacific-North Aiceatr pattern (PNA) Nori and
Watanabe 2008] and North Atlantic oscillation (NAOLRssou 2008;Lin et al, 2009].
Thus, given the GPH-{Xorrelation reported in the previous chapter akierintraseasonal
time scale, it is expected that MJO-teleconneatiopolar G may also be significant. The
aim of the present work is to complement the stodyian et al.[2007] and that of the
previous chapter to provide a global picture of MO-related pattern of UTLSz;@uring

boreal (northern) winter.
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In the following, the same {latasets from MLS, TES, and OMI will be studied. A
in the previous chapter, all time series are fieteasonalized and a running-average band-
pass filter for 15-90 days is applied to the tireges. Then the anomalies are averaged

over the eight MJO phases defined by the RMM indere RMMZ +RMM 3 >1. The

MJO events during boreal winters (November—April) lae studied.

6.2. Results

Fig. 6.1 shows the boreal winter meap @ofiles in the subarctic region (60°N—
80°N). The combination of MLS (blue) and TES (gneprovides the whole Oprofile
from ground to upper stratosphere (only 1-1000 mPa&hown). Here, for ease of
comparison with the partial columns, we adopt @ Dl/km for O; concentration (not to
be confused with DU/kGPH to be defined later fag tegression coefficient between O
and GPH), which is equivalent to 2.69%ifolecules/cii, In the subarctic region, the;O
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Fig. 6.1. The mean O; profile over subarctic (60°N-80°N) during boreal winter seasons
(November—April) observed by MLS (blue) and TES (green). O; concentrations are expressed in

unit of DU/km, which is equivalent to 2.69x10™ molecules/cm™.
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concentration peaks at ~ 60 hPa (20 km), whichahasak value of ~ 20 DU/km. The O
concentration drops to less than 10 DU/km belowl#@8 and above 20 hPa.

Fig. 6.2a,b,c show the northern hemispheric sgatipbral patterns in MJO-related
UTLS partial column @(PCO) anomalies derived from MLS (for 32—316 h&a) TES
(for 42—-316 hPa), and total column (QCO) anomalies derived from TOMS. In the last
chapter, the PCO and TCO anomalies have been cedpath GPH at 150 hPa (hereafter
GPH, denotes the pressure levepdtPa), which is approximately the height of theital
tropopause. However, for high latitudes, the treuse is at ~ 250 hPa and GBHs
therefore more appropriatéldinka et al, 1996]. We overlay the GRk) anomaly (black
solid/dotted lines) in Fig. 6.2. Also shown are thefall anomalies (purple/green solid
lines). Note that anticlockwise orientation is framest to east. Africa is located at the
bottom of the azimuth projection (0°), south-eas#sia is located in the upper-right-hand
corner (120°E), and the eastern Pacific is locatethe upper-left corner (120°W). For
simplicity, the 8 typical phases defined by the RNtMex have been reduced to four by
summing Phases 8 and 1 (VIII+I), 2 and 3 (lI+1Wand 5 (IV+V), and finally 6 and 7
(VI+VIIl). The propagation of MJO disturbances ipmesented by the rainfall anomalies.
The overall MJO patterns of ;Care dominated by wavenumber-2 and wavenumber-3
structure around the North Pole. The details iividdal phases are described as follows.
During Phase VIII+l, positive equatorial rainfal@malies related to the MJO are found in
the western Indian Ocean. There are also negafwaterial rainfall anomalies extending
from the east of the Maritime Continent to the wastPacific Ocean. For MLS (Fig. 6.2a),
the UTLS PCO anomaly is dominated by a dumbbedl-tiegative pattern, which extends
from Alaska (-8 DU), crossing the North Pole (—2)Dtd Russia (—4 DU). This negative
pattern is surrounded by a positive anomaly, wigktends from Europe (4 DU), going
eastwards along the 30°N latitude circle (2 DU)the center of action (COA) in the
northern Pacific (8 DU). There is also a positiveraaly (4 DU) over the eastern United
States. These MLS{anomalies are well anti-correlated with the Gigldnomalies. Note
that while the rainfall anomalies are confinedre eastern hemisphere, the PCO and GPH
anomalies are significant over both eastern andewesiemispheres.in Phase Il+l1ll, the

82



Northern Hemisphere (Boreal Winter)
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Fig. 6.2. MJO modulations in (a) MLS partial column ozone (PCO), (b) TES PCO, and (c) OMI total
column ozone (TCO) for northern hemisphere. Also overlaid are rainfall anomalies from TRMM
(green/purple) and geopotential height (GPH) anomalies at 250 hPa (GPH,s5) from ECMWF
interim reanalysis (dotted/solid). The shade represents O; column in Dobson unit (DU). The
pink dashed line in the top-left panel highlights the Rossby wave train that may be associated

with the Pacific-North America pattern.
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rainfall anomalies have moved eastward by ~ 30&. MIhS PCO anomalies are dominated
by a positive pattern (3 DU) that covers Alaska &iizeria, which further extends over the
North Pole (2 DU), and covers part of the northatlantic and Russia. This positive
anomaly is surrounded by a weak negative anoma¥ [RJ) that extends from the eastern
United States, going eastwards along the 30°Nutigitircle, to the northern Pacific COA.
Again, these @anomalies are well anti-correlated with the Gigldnomalies. Phase IV+V
is simply characterized by reversed signs in rdin@PH;so, and MLS PCO anomalies
with respect to Phase VIII+1. Finally, Phase VI+\dIcharacterized by a few weak positive
and negative anomalies (< 2 DU) over the northgtragopics.

Overall, the correlation coefficient between the SAPCO and GPH, anomalies in
all MJO phases for latitudes northwards of 45°NQs74 (Table 6.1). (Absolute values of
correlation coefficients above 0.5 will be regardedsignificant.) Therefore, the MJO-
related PCO variability over the Arctic region ikely associated with the tropopause
displacements caused by equatorial heating retatdJO [Ferranti et al, 1990; Tian et
al., 2007].

The robustness of the anticorrelation between th8 MCO and GP, anomalies is
supported by independentg @easurements from TES. The MJO-related pattemsES
PCO (Fig. 6.2b) are very similar to those of ML3g(F6.2a). The correlation coefficient
between the TES PCO and GRfanomalies for latitudes north of 45°N is —0.62jckhis
less than that for MLS (Table 6.1).

Table 6.1. Correlation coefficients of geopotential heights (GPHs) with MLS partial column O3
(PCO), TES PCO, and OMI total column O3 (TCO) for latitudes polewards of 45°N. GPH at 250

hPa (GPH,s) is used for both Arctic regions.

Correlation MLS PCO TES PCO OMITCO
Arctic GPHso —0.75 —0.62 -0.41
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Similar MJO patterns are also seen from OMI TCO susaments (Fig. 6.2c). The
correlation coefficient between the OMI TCO and Gfgldnomalies for latitudes north of
45°N is —0.41 (Table 6.1), which is only marginghere are also small signals (~ 1 DU) in
the tropical regions observed by OMI that are abBem MLS and TES, which are likely
from the tropospher&[emke and Chandr&003;Tian et al, 2007].

In the last chapter, it has been shown that forvérgical structures of eastward-
propagating @ anomalies in subtropical regions (14°N-34°N antiS384°S) during the
MJO life cycle derived from MLS and TES observasiothe subtropical MJO signals are
mainly from the UTLS layers. Such analysis turns toube very useful for diagnosing
possible dynamical causes. Here we replot thetrcabistructures in the sub-Arctic in Fig.

6.3 for 60°N—-80°N. The equatorial rainfall anomsl{golid) averaged over £5° latitudes
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Fig. 6.3. The zonal propagation of the MJO signal in Oz concentrations along the sub-Arctic
latitude band 60°N—80°N. Also overlaid are the equatorial rainfall anomalies for latitudes within
15° and GPH,s, averaged over the same subarctic band. The GPH,5, anomalies are expressed in

units of decameters (Dm = 10 m).
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Table 6.2. The regression coefficients between GPHs and the O; data used in Table 6.1. The unit
is Dobson unit (DU) per 1000 meters change in GPH (kGPH).

DU/kGPH MLS PCO TES PCO OMI TCO
Arctic GPHso -107 -99 -87

are used to illustrate the propagation of the Md@vective disturbances, which propagates
from the Indo-Pacific region to the central Pacificoughout the MJO life cycle, as
discussed previously. The GRblanomalies (dashed) averaged over 60°N—80°N ape als
overlaid.

In the subarctic region, the MLSz;@nomalies (Fig. 6.3a) are the most prominent
near the northern Pacific COA (130°W) at 130 hA#) an amplitude +1 DU/km. In Phase
VIII+1, a negative MLS UTLS patrtial column{anomaly (-0.8 DU/km) is developed near
the northern Pacific COA, which becomes positiv8@ @U/km) in the subsequent Phases
[I+11l and IV+V. Finally in Phase VI+VII, the anonhanear the northern Pacific COA
becomes negative again (—0.3 DU/km). The TESu@malies evolve similarly during the
MJO life cycle (Fig. 6.3b), but we note that the@Atklated amplitude is larger (ranging
from —0.8 to 1.6 DU/km). The pattern of the TES \$TQ; anomalies in Phase VI+VIl is
noisier than MLS in the same phase. The @RBhomalies exhibit the largest amplitude
(50 m) near the northern Pacific COA and are emielated with the ©anomalies, as

discussed above.

6.3. Discussions

It is well known that tropical diabatic heating @siated with the MJO excites mid-
latitude planetary waves via barotropic vorticigriprbations, which then move polewards
[Gill, 1980;Ferranti et al, 1990;Kiladis et al, 2001;Seo and Sqr2012]. These wave
perturbations are known to influence northern hphesic weather patterns in both
troposphere and stratosphehdu and Miller 2005;Lin et al, 2009;Lin et al, 2010;
Weare 2010].
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A recent model studySeo and Sgn2012] suggests that the anomalous tropical
heating related to the MJO results in Rossby waam tof wavenumbers 2-3 in the
northern hemispheric 200 hPa streamfunction, whiavels from the Warm Pool
northward to the northern Pacific and North Ameritaen turns southward to the
equatorial African Continent. The spatial structofsuch a Rossby wave train is typical of
the PNA [Trenberth and Hurre)l 1994; Mori and Watanabe2008]. In this way, energy
from the Warm Pool can be deposited to higherulddi$ along the wave train on an
intraseasonal time scale. Such teleconnection ghrétossby wave trains in GPH is also
evident in the @patterns (highlighted by a pink dashed line in Big, top-left panel).

Weare[2010] found two coexisting pathways through whible planetary waves
may propagate into the northern polar stratospberan intraseasonal time scale: (1) The
wave flux first moves polewards horizontally at Evaltitudes near the tropopause (~ 200
hPa) and then injects vertically into the strat@sphn extratropical regions; (2) The wave
flux first injects vertically into the lower/middlstratosphere (50-100 hPa) at lower
latitudes and then moves polewards. Since thegeasl correlation between the; @nd
GPHso anomalies in almost the whole northern hemispleeneresults suggest that Path 1
involving a barotropic propagation at 250 hPa sqadte for explaining the observed MJO
modulations in extratropical{n this hemisphere.

A correlation between the total column @nd GPH has been known as the ozone-
weather relationshipMeetham 1937; Poulin and Evans1994], where previous authors
have derived a regression coefficient between thaaatities from various meteorological
processes, including daily, annual, and interanruaalations. Below, we define the
regression coefficient in unit of DU per 1000 mstehange in GPH and denote it as
DU/KGPH. (Previous studies used the notation DUikplace of DU/KGPH. However, we
have already used DU/km as a unit @gfd@ncentration above.) We will also make clear by
subscripting DU/KGPK wherep is the pressure level at which GPH is represeniihg
regression coefficient may strongly depend on lonaf periods, and instrument
characteristics. Older reported values can ranga 10 DU/KGPks, [Meetham 1937]
to —100 DU/kGPHk [Langlo, 1952]. More recent analyses using multiple grebased
measurements suggest a typical value ranging beth&el8 DU/KGPk, [Hoinka et al,
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1996; Steinbrecht et al.1998]. The latter seems to be supported by a hsdhellation
accounting for the ENSO effect in tropical for |latitudek 30° [Wang et al.2011], where
the regression coefficient is found to be 15.5 OGPk, wherep’ is the tropopause
pressure.

Our results append the previous values by (1)iurdi satellite observations and (2)
making use of the intraseasonal variability. In ti@thern hemisphere, the regression
coefficients derived from MLS PCO, TES PCO, and OMIO are —107, —99, and -87
DU/kGPHso, respectively (Table 6.2). These three values seersupport the earlier
finding by Langlo [1952] but are much higher than more-recent grevased
measurements and that modelledVidging et al[2011]. The large range of the observed
values, including the ones found in this studyteslao the MJO and those from ground-
based measurements from other studiésirfka et al, 1996; Steinbrecht et gl.1998]
requires more quantitative modelling for furthercatiation.

Tung and Yang1988] theoretically derived a value of 7% chaigeolumn Q per
1% change in lower stratospheric temperature, asgutimat any changes in the latter (and
hence GPH) are adiabatic and are only relatedaoephry wave passages. This value is
equivalent to —-56 DU/kGP}{ wherep” is the pressure level thak©oncentration peaks at
(a constant scale height of 7 km is assumed), diveriotal column @is ~ 400 DU over
polar regions.Tung and Yand1988] also derived a lower value of —28 DU/KGPH by
further assuming that the lower stratosphere isadiative equilibrium. Therefore, the
regression coefficient should range from —28 to EB&H#KGPH over the Arctic region

because part of the area is in polar night durorgdd winters.

6.4. Summary and Concluding Remarks

Appending to the study ofian et al.[2007] and that in the last chapter, a global
picture of the MJO modulations in UTLS @Quring boreal winters is presented. The RMM
index has been used to divide an MJO cycle integhthat describe the propagation of the
tropical MJO convective disturbances from the weshedian Ocean to the central Pacific.
When MLS PCO, TES PCO, and TOMS TCO are averaged these MJO phases,
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dominant anomalous signals are found over the @rcli has been shown that thesg O
anomalies are well anti-correlated with the GPHnaalees that are similarly composited
using the RMM index. This suggests that these patamalies are mainly driven by
dynamical motions of stratified atmospheric layeesulting from anomalous diabatic
heating associated with the MJO, consistent wigtvipus findings in the subtropics. The
ozone-GPH correlation related to the MJO is —100K®PH for the northern hemisphere
north of 45°N. This value is in general much highiwan other reported values derived
from ground-based measurements and model studies.

The peak-to-trough MJO modulations in lower strplt@sic Q are typically ~ 20 DU
over the Arctic. Such 9changes may modify the polar lower stratosphemcperature
profile through radiative heating in the presentesumlight, which may then change; O
further given the @GPH correlation described above, forming a positieedback. A
simple radiative transfer calculatiodigng et al, 2008c] suggests that temperature change
induced by net @heating (shortwave minus longwave) between 10dmeal00 hPa is ~
0.1 K/DU. Therefore, the maximum changes in potawdr stratospheric temperature
induced by the MJO-related s(net radiative heating are 2 K in the Arctic lower
stratosphere.

Polar ozone changes may also be related to chahties Brewer-Dobson circulation
(BDC) in the winter hemisphere as a result of plaryewave perturbationsGarcia-
Herrera et al, 2006]. The typical turnover time for the BDC is2lyears. Therefore, while
the BDC may play a role in the case of ENS@apg et al. 2011], its effects on the
observed intraseasonal variability, if any, mayl®tdominant.

We also noted a possible connection between thenads extratropical MJO
modulations in @ with PNA. Detailed simulations with comprehensiteedback
mechanisms would be essential for studying thelstteshut important effects on polag O
dynamics and chemistry. Understanding these tehemion patterns in chemical tracers
like O3z help monitor and predict air qualities and ultcded (UV) levels at higher latitudes

as a result of tropical influences.
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Chapter 7.

Tropical Mid-Tropospheric CO,
Variability driven by MJO ~

Summary
Carbon dioxide (Cg) is the most important anthropogenic greenhouseargthe present-
day climate. Most of the community focuses on dsgterm (decadal to centennial)
behaviors that are relevant to climate changethmut are relatively few discussions of its
higher-frequency forms of variability, and none amling its subseasonal distribution. In
this work, we report a large-scale intraseasonalbwan in the Atmospheric Infrared
Sounder (AIRS) C@data in the global tropical region associated WithnMJO. The peak-
to-peak amplitude of the composite MJO modulat®or i ppmv, with a standard error of
the composite mean < 0.1 ppmv. The correlatiorctra between COand rainfall and
vertical velocity indicate that positive (negativelomalies in C@arise due to upward
(downward) large-scale vertical motions in the lowweposphere associated with the MJO.
These findings can help elucidate how faster psasegan organize, transport, and mix

CO,, and provide a robustness test for coupled carboraie models.

7.1. Motivation

CQO; is the most important anthropogenic greenhousengtiee present-day climate,

contributing more than 50% of the total anthropaegemarming Quay et al. 1992;

" Published in Li, K.-F., B. Tian, D. E. Waliser, Y. L. Yung (20}0T'ropical mid-tropospheric CO2 variability drivesy
the Madden-Julian oscillatioRroc. Nat. Acad. ScU. S. A, 107, 19171-19175, doi:10.1073/pnas.1008222107.
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Francey et al. 1999; IPCC, 2007]. Recently, the COmixing ratios in the middle
troposphere (~ 5-10 km) have been retrieved usatg flom the Atmospheric Infrared
Sounder (AIRS) aboard NASA'’s Aqua satelli€hphine et al.2005;Chahine et aJ.2006;
Chahine et a).2008]. This 7-year global daily G@ataset has shown rich variability with
time scales from semiannual to interannual (e §S@) [Chahine et al.2008;Jiang et al,
2010], which helps improve our understanding ofan@gyrocesses that control the carbon
exchange among reservoirs.

The AIRS Level 2 mid-tropospheric G@roduct is retrieved using as input the AIRS
Level 2 temperature, water vapor and ozone geogdiysioducts and selected channels of
cloud-cleared radiances within the £&bsorption bands, i.e., 704—721 tiChahine et
al., 2005;Chahine et al.2006;Chahine et al.2008]. The spatial resolution at nadir is 90
km x 90 km, and the product is a column-weightedrage of the C©volume mixing
ratio profile. At tropical latitudes, the weightifignction peak occurs at 400 hPa (~ 7.5 km)
and decreases to half its value at 120 hPa (~ )%akoh515 hPa (~ 5.5 km) [see Fig. 1 of
Chahine et al. 2005]. Validation by comparison ton situ aircraft and ground-based
measurements demonstrates that individual retsedaAIRS CQ are accurate to better
than 2 ppmv between latitudes 30°S and 80CNahine et al.2008]. The C® Level 3
daily product employed in our analysis is an averad the individual Level 2 CO
retrievals over a 24-hour span within a°2léngitude x 2° latitude grid. For latitudes
between +40°, the number of retrievals being awastag each grid for each day ranges
from zero to a maximum of 15, depending on thelaléity of at least three valid AIRS
Level 2 retrievals in a 2 x 2 grouping of adjacettievals. This unprecedented AIRS mid-
tropospheric C@ dataset provides new opportunities for climate issidand new
constraints for climate models. For example, basedhe AIRS mid-tropospheric GO
data, it has been shown that convection in sonteeothemistry-climate models has to be
strengthened in order to reproduce observed I&@udinal gradientsJjang et al, 2008a].

In addition, the impact of changes in the Walkecuation over the central and western
Pacific Ocean as a result of ENSO have been ddtetthe AIRS mid-tropospheric GO

data Piang et al, 2010]. For this reason, we expect that convedimhlarge-scale vertical
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Fig. 7.1. (RMM,, RMM,) phase space for all days in boreal winter from November 2002 to February
2010 and the number of days for each phase of the composite MJO cycle. Each triangle represents
one day. The solid circle defines the threshold RMM,* + RMM,” > 1 for strong MJO events. Only

days outside the threshold were included in the MJO-composite average shown in Figs. 7.3 and 7.4.

motion may also regulate GOn the intraseasonal scale and AIRS mid-tropospla<D,
data may be able to reveal the MJO signal in.CO

7.2. Data and Method Summary

AIRS Level 3 dailly CQ@ products were obtained from AIRS Data Server
(http://disc.sci.gsfc.nasa.gov/AIRS/data-holdingsdaya-product/AIRX3C2D AIRS
Level 3 daily HO products were obtained from AIRS Data Servettp(/disc.
sci.gsfc.nasa.gov/AIRS/data-holdings/by-data-prodiusL.3_STD_AIRS AMSU.shtrl
NCEP/NCAR reanalysis data used in this study weosided by the NOAA/OAR/ESRL
PSD Data Serverh(tp://www.esrl.noaa.gov/psd/data/reanalysiSRA-Interim reanalysis

data used in this study were obtained from the EGMWata Server
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(http://data.ecmwf.int/data/ The NOAA ESRL CQ@ data from the Carbon Cycle
Cooperative Global Air Sampling Network, 1968-2008ersion 2009-07-15 were
obtained from NOAA FTP Server ftg://ftp.cmdl.noaa.gov/ccg/co2/flask/event/
CONTRAIL data were obtained from the WMO World D&tentre for Greenhouse Gases
(http://gaw.kishou.go.jp/cgi-bin/wdcgg/accessdaiy.d@MM indices were obtained from

(http://www.cawecr.gov.au/bmrc/clfor/cfstaff/matw/mapm/RMM)).

As in previous chapters, the phases of the MJObeilliefined using the RMM Index
[Wheeler and Hendor2004]. Fig. 7.1 shows the (RMIVRMM,) phase space for all days

o’ 60°E 120°E  180°E  120°W  60°W o° 60°E 120°E  180°E  120°W  60°W

N N
0 10 50 100 150 200 250 300 350 400 450 500 550 ©

Fig. 7.2. Total number of AIRS CO, retrievals N, being averaged for each phase of the composite
MJO cycle on the 2.5° x 2° grid. No spatial smoothing has been applied. The spatial variations are
due mainly to the local cloud conditions that affect the cloud-cleared radiances for AIRS CO,
retrievals. Note that, depending on the local cloud conditions, there may be zero or multiple CO,
retrievals at each grid point on each individual day. Hence N, may be less or more than the
number of days in each MJO phase of the composite MJO cycle shown in Fig. 7.1. N, may range
from ~ 10 for cloudy regions (e.g., eastern Indian Ocean) to ~ 500 for cloud-free regions (e.g.,
eastern Pacific). The 20° X 20° square boxes enclose the representative regions for Fig. 7.7. The
total number of retrievals being averaged in each square box N, is the sum of N, at individual grid

points within that box.
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in boreal winter from November 2002 to February@®@hd the number of days for each

phase of the composite MJO cycle. Only days withongt MJO activity
(RMMf +RMM 2 21) are considered. In general, the number of dagsam phase of the

composite MJO cycle ranges from 90 to 130 daysinydhat depending on the local cloud
conditions, there may be zero or multiple £f@trievals at each grid point on each

individual day, the number of GQetrievals being averaged in each phase of th@osite
MJO cycle (I\L) may range from ~ 10 for cloudy regions (e.g.texasIndian Ocean) to ~

500 for cloud-free regions (e.g., eastern Padfig; 7.2). The same method was applied to
the time series shown in Fig. 7.7, except thattmposite means were calculated using all

daily data satisfying the above criteria in thé R0 square boxes. The total number of

CO, retrievaIsNq being averaged in each square box is thus thecrﬁdN} over all the

individual grid points within that boxNq :ZZQ;'ng’ N,. The critical value@ for 99%
grid box

confidence interval was derived from a two-taileddent’st-statistics, where the degree of

freedom was Nq—l . The 99% confidence interval was given by

(,Z/—aﬁ/qllil ,[1+a6/,/ Nq), wherez andd are the mean and the standard deviation

of the data being averaged. Over the western InO@@an and the eastern Pacific Ocean,

Nq ranges from 5000 to 8000 and the standard erfaitseosample means at 99% level,

ad/JNq , of the CQ composite means are thus ~ 0.02 ppmv. Since tfierrenear

Indonesia is relatively cloud)ﬂlq drops to 2000-5000. Consequently, the standacdserr

of the sample means over Indonesia are ~ 0.05 ppmv.

7.3. Results

Fig. 7.3 shows the composite maps of the MJO-rdlaed-tropospheric CO
variation for eight commonly used phases of the MYheeler and Hendor2004;
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Waliser et al. 2009] defined by the pair of All-season Real-tikhaltivariate MJO (RMM)
Indices Wheeler and Hendor2004]. These maps are created using AIRS 2.2°
gridded Level 3 C@data during the boreal winters in November 200B+kaay 2010. To

indicate the eastward propagation of the conveeanemaly associated with the MJO, we

overlaid the rainfall MJO anomalies from the TRMBbl{d/dotted contour lines) in Fig.

7.3. The TRMM rainfall data we used cover the sper@od as AIRS and are interpolated

onto the same 225x 2° grids as AIRS. For improved visualization, & »*08° running

average is applied to both g@nd rainfall anomalies to remove high-wavenumpetial
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Fig. 7.3. MJO-related AIRS CO, anomalies. The MJO phase is defined using the All-season Real-time
Multivariate MJO Index (RMM,;, RMM,). Each phase represents a period of ~ 6 days. Only those
days that satisfy RMM;” + RMM,” > 1 are included in the composite mean calculation. To indicate
the propagation of the MJO, we overlaid the MJO-related rainfall anomaly using solid (dotted)
contours for regions of values greater (lower) than +1 (=1) mm day ™. The 20° x 20° square boxes
enclose the representative regions for Fig. 7.5. For visualization, a 10° longitude X 8° latitude
running average is applied to both CO, and rainfall anomalies to remove high-wavenumber spatial

fluctuations.
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fluctuations. In Phase 1, a positive rainfall antyma found in the western equatorial
Indian Ocean, indicating the presence of enhancadection and rising air motion in this
area. A significant positive anomaly in €0 +0.4 ppmv) is also apparent in this area.
When the rising air mass reaches the upper troposph diverges away from the cluster
center and subsides in both east and west sidgs If@onesia), where the air becomes
relatively drier and the convection is suppressesl,indicated by a negative rainfall
anomaly. These dry areas show a negative anomah.~ppmv) in AIRS Cg which
extends all the way to the Eastern Pacific andSAuterica, where the rainfall anomaly is
small. In Phases 2—4, the positive rainfall anonpabpagates eastward with a speed of ~ 5
m/s. The positive COanomaly also propagates eastward and the propagaditern is
consistent with that of the rainfall. Meanwhileeté is a significant drop in G~ —0.6
ppmv) over South America and central Africa, whtre rainfall anomaly is weak. In
Phases 5-8, the enhanced convection moves fromidngme Continent to the central
Pacific, while the convection is suppressed inltiekan Ocean, as indicated by a negative

rainfall anomaly there. Meanwhile, the enhanced CO+0.3 ppmv) propagates with the
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Fig. 7.4. Scatter plot of AIRS Level 3 CO, and H,0 daily anomalies during the winters of
September 2002—November 2009 between 10°S and 10°N. Color contours represent the
probability distribution function of the scattered points. The slope of the linear fit is 0.13+0.01

ppmv-CO, per g/kg-H,0.
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enhanced convection into the central Pacific. Iditawh, a positive C®anomaly (~ +0.5
ppmv) develops over the eastern Pacific and Soutlerga and it travels across the
Atlantic Ocean to the central Africa. The speeg@ropagation in this relatively convection-
free region is much faster (~ 20 m/s), yet conststeth the observed dynamical life-cycle
of the MJO Hendon and Salhyi996]. The anomaly continues to propagate irgdridian
Ocean and the MJO cycle by inference repeats.

The main thermal infrared channels for O@trieval have some dependence on the
presence of water vapor {Bl), where a 10% error in water is estimated to€au$ ppmv
bias in CQ [Chahine et a].2005]. To examine any residual effects gOHn the retrieved
CO,, we show in Fig. 7.4 a scatter plot of all dailpLand AIRS 550 hPa @ anomalies
between 10°S-10°N, where the seasonal cycles m@&vesl. The color contours represent
the probability distribution function (p.d.f.) dhe scatter points. A least-square fit gives a
slope of ~ 0.13 + 0.01 ppmv-GQ@er g/kg-HO. If we assume that the slope is completely
due to the retrieval bias from the®labsorption bands and assume that the MJO an®litud
in H,O at that level is ~ 1.4 g/kd{an et al, 2006], then the bias in G®&vould be ~ 0.17
ppmv, which is much less than the signal we foumolva. Therefore, the MJO signal in
AIRS CGis unlikely an artifact of retrieval errors dueHgO absorption.

7.4. Relations with vertical motions

The above comparison suggests that large-scaiealartotions may account for the
MJO modulations in C® Hence, to quantify their effects on the AIRS GAriations, we

compute the MJO-related pressure velocity anomati#®0 hPad,,,) from the European

Center for Medium-range Weather Forecasting IntERA-Interim) re-analysis product,
covering the same period as AIRS. Furthermore, ERA-interim data have been
interpolated on the same 2%2° spatial grids as AIRS. For later discussion, witndghe

negative pressure velocity,,, = —w,,, such that positive (negativé),,, refers to rising
(sinking) motions. Thea,,, anomalies from ERA-Interim are shown in Fig. 7.5

(solid/dotted contours) and so are the;@@omalies. For comparison, & 16ngitudex 8°
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latitude running average has also been appliedr @eIndian Ocean and the western

Pacific, the MJO modulation afy,, resembles that of AIRS G@nd they are positively
correlated. Over the eastern Pacific and the AmeriContinents, théy,,, anomalies,

though weak, show some variations that are alssistemt with the C®anomalies (c.f.
Fig. 7.5).
To further study their correlation, one can compilite covariance of the MJO-

modulated anomaly of GQwith that of &,,,, which is shown in Fig. 7.6. It has been

suggested that covariance or linear regressiorficieets are more robust quantities than
the correlation coefficients for filtered dat€dughlin and Tung 2006]. A positive
covariance is generally seen over the western Ipbimie oceans. It extends eastwards
from the equatorial western Indian Ocean, reachingaximum (~ 2.5 ppmv mPasover
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Fig. 7.5. Same as Fig. 7.3 except that ERA-Interim 700 hPa pressure velocity anomalies &»}00 are

overlaid. The pressure velocity data cover the same period and have been interpolated to the
same spatial grid as AIRS. Note that we redefined the pressure velocity such that positive

(negative) values indicate rising (sinking) motions.
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Indonesia, to the central Pacific. The southwardentent of the covariance in the central
Pacific resembles the characteristics of the MJ@nduboreal winters. In the eastern
Pacific, there is a positive covariance (~ 1.3 ppniRa §') near the coastline of Peru’ (0
N, 80 W). Overall, large-scale vertical motions in tlosvér troposphere are positively
correlated with the MJO-related G@uomalies.

To highlight the temporal variations in the varlayiof CO, and vertical motions, we
show in Fig. 7.7 the time series in three repredmat regions over the western Indian
Ocean, Indonesia, and the eastern Pacific OceaseTiegions are enclosed by X020°
square boxes shown in Figs. 7.3 and 7.4. The eabtmavement of the convective
anomaly associated with the MJO is referenced byrdinfall anomaly. In general, these
time series suggest a reasonably coherent MJO terolbetween the relevant variables.
The standard errors of the mean G@riations, shown in blue shades, are of orde02-0
0.05 ppmv. It is evident that the @@nomaly exhibits roughly the same magnitudes %~ O.
ppmv) over all of the selected locations and isificantly different from zero at the 99%
level or better, clearly showing its global effe@wer all three locations, the G@ariation

is positively correlated with ERA-Interirb,,,. We note that the peak-to-peak amplitude of
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Fig. 7.6. The covariance between the MJO-related AIRS CO, and ERA-Interim 700 hPa vertical
velocity anomalies. A 10° longitude X 8° latitude running average has been applied. Positive
covariance suggests that positive CO, anomalies are associated with enhanced upward

motions, and vice versa.
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ERA-Interim é,,, over Indonesia (~ 13 mPasis about four times as strong as that over

the other locations, likely due to the warmer s@dase temperature. For comparison, the

NCEP/NCAR @,,, anomalies are overlaid in Fig. 7.7. Tég,, variations from the two re-
analyses are generally consistent with each othathough NCEP/NCAR&,,, is

moderately stronger over the Indian Ocean and reaBt&cific. Moreover, there are some

phase differences between NCEP/NCAR, and CQ and between NCEP/NCAR),
and ERA-Interimty,,,. Thus, &,,,from both ERA-Interim and NCEP/NCAR provide at

least a qualitative picture that supports lowempadspheric vertical motions being an
important driver of the MJO modulation on the molplospheric C@

7.5. Concluding remarks

We have presented the first observation of the Mhidulation in free-tropospheric
CO,. To date, there has been no attempt to simul&i@aimual or interannual variability
(e.g., ENSO) in atmospheric G{@iang et al, 2010]. Thus the above observation provides
a unique constraint as well as a robustness testoiapled carbon-climate models. The
peak-to-peak amplitude is of order ~ 1 ppmv, whigh have important implications on
satellite measurements, such as NASA'’s Orbitingp@arObservatory Il (OCO-Il) and
Japan Aerospace Exploration Agency (JAXA)'s GreeiskoGases Observing Satellite
(GOSAT), that are designed to measure tropospldiccolumn with a precision better
than 1 ppmv for determining carbon flux&alner and O'Brieni2001]. It is also noted that
for processes like the MJO, the satellite instruntisigns must account for cloud effects
and the natural correlations between them and thestnprocesses and trace gases
distributions that are so closely linked in ord@atcurately measure trace gas abundance
in the lower atmosphere and under disturbed atnepgpbonditions. This is likely to only
be achieved through a multi-sensor framework thatudes high spatial and spectral

resolutions.
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The aboveesults also provide hinas to the vertical distribution of GCSince larg-
scale upward motions effectively transport air fraghe boundary layer to the fr
troposphere on the time scale of about a day, tisdéiy®m anomaly of AIRS C, over
regions with enhanced upward motion suggests tigasairface C, bang brought up t
the free troposphere has higher concentrationthat in the free troposphere. Similar
the negative anomaly over regions characterizeddwnward motion indicates that t
sinking air from the free troposphere has lower,. Thisseems to be generally true for-
whole tropics. To verify this, the (; averages of the NOAA ESRL grot-based
measurements in Guam (13.45°N, 144.8°E; pink [Conway et aJ.1994] ae compare!
with the CONTRAIL airborne flask measurements ia free troposphere near the rec
(blue line) Matsueda et al.2002;Machida et al. 2008] during boreal inters from 199¢
to 2008 (Fig. 7.8). The OQDTRAIL measurements are averaged betweer—20°N and
10-12 km. Guam is wedluited for this purpose because it is near thaedabgvarm poo
region, where the MJO is active. Throughout th-year record, the ground (; values are
consistently higher bgin average of 0.67 £ 0.26 ppmv (black dot with mardoar), whict
is of the same order of magnituas the MJO anomalies shown in Fig..7TBe HIAPER
Pole-toPole Observations (HIPPO) project, in which, concentrations and other tre
gases at variaulatitudes in the Pdic Basin are sampled between 1 kéb—km, will

provide another investigation of the , vertical profile in the Pacific regions.
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Fig. 7.7. Composite MJO time series of AIRS CO,, reanalysis 700 hPa vertical velocity, and TRMM
rainfall anomalies over the western Indian Ocean, Indonesia, and the eastern Pacific Ocean
enclosed by the square boxes in Figs. 7.3 and 7.4. The blue bar overlaid on CO, shows the 99%

confidence interval of the composite-mean uncertainty.
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Fig. 7.8. Comparison of CO, winter-averages from 1994 to 2008 between NOAA ESRL ground-
station (pink line) and CONTRAIL airborne flask measurements (blue line) over Guam (13.45°N,
144.8°E). Each square or triangle represents an individual measurement being used. During each
flight, an individual airborne measurement shown in the figure is defined as an average of all flask
measurements conducted between 5°N—20°N and 10—12 km. The yellow—filled area shows the
ground-station values subtracted by the aircraft ones. The 15-year averaged difference is 0.67 +

0.26 ppmv (black dot with an error bar).

Tropospheric CQ has also been measured by NASA’s Tropospheric dtonis
Spectrometer (TES) and the European Space AgenSA)E Infrared Atmospheric
Sounding Interferometer (IASI) using thermal inf@drchannels similar to AIRS, ESA’s
Scanning Imaging Absorption Spectrometer for Atnhesig  Cartography
(SCIAMACHY), and GOSAT using the CQabsorption bands in near-infrared which
characterize Cgat different altitudes. However, these data recaré too short to provide
a robust characterization of intraseasonal varigllr have not been published yet. As
these limitations are overcome, these independatd dets would combine to give

collocated, vertical profiles of Cnd help confirm our findings.
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