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ABSTRACT

Recent theoretical advances indicate that the South Asian summer monsoon (SASM)
should be viewed as an energetically-direct cross-equatorial Hadley circulation, with
the monsoonal precipitation primarily occurring in its ascending branch, rather than
its traditional interpretation as a large land-sea breeze circulation. Despite these
developments, very few studies have explored the implications of these emerging
theories for the observed variability of the SASM.

This is the goal of this PhD thesis, which uses atmospheric reanalysis data from
recent decades to investigate seasonal transitions and interannual variability of the
SASM. Our approach differs from previous studies in its focus on the large-scale
atmospheric dynamics of the SASM: more specifically, we analyze the tropical cir-
culation throughout the SASM sector and its relationship with extratropical weather

systems in both hemispheres that can affect transports of momentum and energy.

The atmospheric moisture budget over the SASM region provides a crucial starting
point for our work. We use this budget to introduce a novel objective index for
the onset and retreat of the SASM, which robustly captures the expected seasonal
transitions in precipitation and winds and eliminates the need for arbitrarily se-
lected thresholds. Using this index, we show how the SASM onset and retreat are
associated with a coherent set of seasonal transitions in circulation, jet streams, pre-
cipitation, energetics, and momentum balance throughout the SASM sector. These
transitions closely resemble those of the zonal mean Hadley circulation, indicating
that the SASM projects strongly onto the zonal mean and that the observed SASM

is consistent with new theoretical interpretations.

We also use the atmospheric moisture budget to define a new index for the SASM
strength on interannual time scales. We show that interannual variability in SASM
net precipitation is primarily caused by variations in winds rather than variations
in humidity, highlighting the importance of understanding drivers of the large-scale
circulation and its changes. We then use linear regression analysis to identify
robust changes in the circulation associated with SASM year-to-year variability.
We find that strong monsoons are associated with a northward expansion of the
overturning circulation and a decreased near-surface land-sea thermal contrast, in
disagreement with the traditional view of the SASM as a sea-breeze circulation.

We also find teleconnections between SASM strength and temperatures, winds, and
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momentum and energy transports in the southern hemisphere extratropics. These
interhemispheric teleconnections, which have not been previously identified, suggest

new directions for future research to improve our understanding of the mechanisms
involved in SASM variability.

Important advances in modeling and predicting the SASM at all timescales require
a deeper understanding of the fundamental processes driving this system. Through
theoretically-guided analyses of the SASM observed variability, this dissertation
work takes an important step in this direction and provides novel insight into long-

standing open questions on the SASM, with crucial implications for its predictability.
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Chapter 1

INTRODUCTION

Monsoons are tropical circulations with a seasonal cycle characterized by dry win-
ters and wet summers and seasonally reversing wind patterns. The South Asian
summer monsoon (SASM) is the largest monsoon system on Earth, bringing heavy
summer rainfall to densely populated and rapidly growing countries in South Asia.
The SASM rainy season begins with sudden and dramatic changes in atmospheric
circulation and precipitation: near-surface winds over the Arabian Sea abruptly
switch from northeasterly to southwesterly; intense cross-equatorial flow develops
in a low-level jet stream off the eastern coast of Africa; and the first bursts of mon-
soon rainfall occur over Southeast Asia, the southern tip of India, the Arabian Sea,
and the Bay of Bengal. Over the following weeks, monsoonal rainbelts propagate
northward into the Indian subcontinent and mature monsoon conditions are estab-
lished, persisting throughout most of the June-September (JJAS) boreal summer.
The seasonal mean SASM is characterized by a deep meridional overturning cell,
with a subtropical rainfall peak in its ascending branch; a reversed meridional gra-
dient in upper-tropospheric temperatures, with temperatures increasing poleward
from the equator to the northern hemisphere subtropics; and a strong upper-level
easterly jet across a broad band of tropical latitudes. The SASM tapers off in early
autumn, with a slow southward retreat of monsoon rains and a gradual transition of

the circulation back to equinox conditions.

The SASM displays variability on timescales from intraseasonal through interannual
and decadal (e.g., Webster et al., 1998; Gadgil, 2003; Turner and Annamalai, 2012).
On seasonal timescales, accurate forecasting of monsoon onset is critical for effective
agriculture planning and water management in the SASM region (e.g., Raju et al.,
2007; Adamson and Nash, 2012). Interannual variability in the SASM strength, as
measured by the standard deviation in summer rainfall over India, is approximately
10% of the mean summer rainfall (Gadgil, 2003). This year-to-year variability of the
SASM is sufficient to trigger drought and flood conditions, with major agricultural,

economic, and social impacts (e.g., Webster et al., 1998; Gadgil and Kumar, 2006).

Despite its crucial economic and societal impacts, fundamental mechanisms con-

trolling the SASM are not well understood and predictive skills remain limited.
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Traditionally, the SASM is viewed as a planetary scale sea-breeze circulation, driven
by surface temperature contrasts and associated atmospheric pressure gradients be-
tween the Asian continent and the Indian ocean to the south (e.g., Webster and
Fasullo, 2003). Surface temperature gradients alone can generate only a shallow
circulation (Schneider and Lindzen, 1977), whereas the SASM circulation extends
through the depth of the troposphere; thus the sea-breeze paradigm has been modi-
fied to include the effects of elevated diabatic heating from moist convection (e.g.,
Webster et al., 1998) and the Tibetan plateau (e.g., Li and Yanai, 1996). In these
studies, the monsoonal circulation is understood as a linear response to diabatic
heating (e.g., Gill, 1980; Hoskins and Rodwell, 1995) and surface inhomogeneities
between land and ocean are assumed to be an essential mechanism driving the
SASM circulation, with the meridional temperature gradient viewed as an external

forcing.

In recent years, an alternative theoretical framework has emerged in the literature,
which views the SASM as a regional manifestation of the tropical Hadley circulation
in boreal summer, with monsoonal rains associated with the seasonal migration
of the intertropical convergence zone (ITCZ) onto the subtropical continent (e.g.,
Gadgil, 2003). In this framework, the SASM is understood as a thermally-direct
overturning circulation, which approaches conservation of angular momentum, and
is thus highly nonlinear (e.g., Privé and Plumb, 2007; Bordoni and Schneider, 2008;
Schneider and Bordoni, 2008). In support of this view, modeling studies have shown
that monsoonal circulations can exist even on aquaplanets without any land-ocean
thermal contrasts (Privé and Plumb, 2007; Bordoni and Schneider, 2008), thus
suggesting that surface inhomogeneities are not an essential driving mechanism for
the monsoon, although they may alter the properties of the monsoonal circulation.
In this emerging view, the reversed meridional temperature gradient (e.g, Li and
Yanai, 1996) and convective heating (e.g., Gill, 1980) are not considered as external
forcings, but rather are in themselves viewed as part of the atmosphere’s response

to the seasonal variation of insolation.

This progressive shift in the theoretical interpretation of the monsoon suggests
the need to revisit the large-scale dynamics of the SASM from an observational
perspective. Mechanisms which are important in the zonal mean Hadley circulation,
such as interactions with extratropical eddy fluxes of momentum (e.g., Schneider
and Bordoni, 2008) and energy (e.g. Kang et al., 2008), may be relevant to the
SASM. And conversely, the role of the SASM in the tropical circulation needs to be
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elucidated; as I will show, the SASM sector mean circulation projects strongly onto
the zonal mean and dominates the abrupt seasonal transition from boreal spring to

Summer.

In this thesis, I will use atmospheric reanalysis data from recent decades to inves-
tigate seasonal and interannual variability in SASM dynamics. Although there is
considerable regional variability within the SASM domain, this thesis addresses
the variations of the monsoon as a large-scale circulation, focusing on large-scale
atmospheric moisture, energy, and momentum budgets rather than local or regional
features. As explained further in Chapter II, I define the SASM sector as 60-100°E
to encompass the longitudes where the circulation behaves coherently as an over-
turning circulation with the majority of mass transport within the meridional-vertical
plane, and to include the precipitation maxima over India and the Bay of Bengal. |
define the SASM domain, where the majority of SASM rainfall occurs, as 10-30°N,
60-100°E (Fig. 2.1), corresponding with the SASM sector in longitude, and with
latitude limits selected to focus on the subtropical monsoonal precipitation, exclud-
ing the topography to the north and the oceanic regions to the south whose seasonal

variability is not consistent with the summer monsoon.

There are three overarching goals in this thesis:

1. Develop methodology: What measures can be used to characterize the sea-
sonal transitions and interannual variability of the large-scale SASM, accu-

rately representing both circulation and precipitation?

2. Compare observed SASM with theoretical frameworks: Which proposed

mechanisms are most consistent with observed variability in the SASM?

3. Identify patterns of tropical and extratropical variability associated with
the SASM: How does the circulation throughout the SASM sector vary sea-
sonally as the monsoon progresses, and interannually with monsoon strength?
Do any teleconnections exist between the SASM and the southern hemisphere,
and if so, what new mechanisms of SASM variability do these suggest? How

does the SASM sector project onto the zonal mean circulation?

The first goal is necessary because I want to accurately assess the variability in both
the circulation and rainfall of the SASM: many large-scale dynamic indices of the

SASM have been defined previously, but these indices do not correlate well with
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the actual monsoon rainfall over South Asia (e.g., Webster and Yang, 1992; Ailikun
and Yasunari, 1998; Goswami et al., 1999; Wang and Fan, 1999). To solve this
problem, I develop robust new indices of SASM onset, withdrawal, and strength,
which use the atmospheric moisture budget to link monsoon precipitation directly

to the large-scale circulation.

In Chapter II, I revisit one of the major outstanding problems in the monsoon
literature: defining the onset and withdrawal of the SASM. I use change point
detection of the atmospheric moisture flux converging in the SASM domain to
introduce a robust index that captures the seasonal transitions in monsoon circulation
and precipitation, and provides a precise characterization of the timescales and stages
of the SASM. I also show that this methodology can be used at grid points within
the SASM domain to compute local onset and withdrawal dates which are well
correlated with the large-scale index on interannual timescales, providing insight

into the relationships between local and large-scale monsoon timing.

In Chapter III, I use the index developed in Chapter II to construct climatological
composites, exploring the seasonal variability of the SASM, and comparing the
observed monsoon with theoretical frameworks and idealized monsoon studies. I
analyze important aspects of the energetics and momentum balance of the circulation
throughout the SASM sector, including atmospheric fields remote to the monsoon,
which affect the large-scale transports of momentum and energy. Examining the
abrupt transitions at monsoon onset, I explore the role of eddy-mean flow feedbacks
as an onset mechanism, as well as the contribution of the SASM sector to seasonal

transitions of the zonal mean circulation.

In Chapter IV, I investigate the interannual variability of the SASM. First, I develop a
robust new index for seasonal mean SASM strength, using the atmospheric moisture
budget to link monsoon precipitation directly to the large-scale circulation. This
formulation allows the water vapor budget to be decomposed into dynamic and
thermodynamic components, elucidating the role of the large-scale circulation in
monsoon rainfall variability. Using linear regression analyses, I examine changes in
dynamics and thermodynamics associated with interannual variations in monsoon
strength. I also explore teleconnections with the southern hemisphere extratropics
and identify possible mechanisms of SASM variability that have been discussed
in the zonal mean tropical circulation but have not been previously identified as a

contributing factor in SASM variability.

Altogether, these theoretically-guided analyses of the SASM contribute important
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insights into the fundamental mechanisms of the SASM and its variability on sea-
sonal and interannual timescales. In addition, the methodologies developed here
provide a robust framework that can be used to assess variability and trends in
the SASM in both observations and climate simulations, to further enhance our

understanding of the SASM in current and future climates.



Chapter 2

DEFINITION OF MONSOON ONSET AND WITHDRAWAL

Walker, J. M. and S. Bordoni (2016). “Onset and withdrawal of the large-scale
South Asian monsoon: A dynamical definition using change point detection”. In:
Geophys. Res. Lett. 43. por: 10.1002/2016GL071026.

Abstract

We introduce an objective definition for onset and withdrawal of the South Asian
summer monsoon (SASM), based on the large-scale atmospheric moisture budget.
The change point (CHP) index allows precise characterization of the different stages
and timescales of the large-scale SASM and is highly correlated with the local
operational index, the monsoon onset over Kerala. The CHP-based onset and
withdrawal dates, which capture the expected seasonal transitions in rainfall and
winds, correspond with regime changes in the SASM moisture budget between
negative and positive net precipitation. Climatological composites reveal that the
seasonal transitions in SASM sector mean precipitation and circulation closely
resemble those of the zonal mean Hadley circulation. The CHP index at grid points
within the SASM domain yields a robust definition of local onset and withdrawal
dates, which are well correlated with the large-scale index on interannual timescales,

providing insight into the regional variability of the SASM.

2.1 Introduction

The onset of the South Asian Summer Monsoon (SASM) is marked by a sharp
increase in rainfall and abrupt reversal of winds over South Asia. Accurately defining
and forecasting this transition is critical for effective agriculture planning and water
management in the region (e.g., Rajuetal., 2007; Adamson and Nash, 2012). Many
different measures of SASM onset exist, but there is no widely accepted objective
definition. The India Meteorological Department (IMD) employs the monsoon onset
over Kerala (MOK) as an operational index, using a subjective method based on rain
gauge data, winds, and outgoing longwave radiation (Rao, 1976; Ananthakrishnan
and Soman, 1988). Objective definitions of SASM onset include measures such
as the increase of rainfall above a threshold (Wang and LinHo, 2002), transitions

in vertically integrated moisture transport (Fasullo and Webster, 2003), reversal
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of surface wind (Ramage, 1971), and intensification of the lower-level Somali jet
(Taniguchi and Koike, 2006; Wang et al., 2009).

Having been developed for specific applications, such as operational forecasts and
evaluation of observed variability, existing definitions are generally not well suited
for broader use. The MOK cannot be extended to identify SASM onset in climate
model simulations, due to its subjective methodology. Objective indices are mostly
threshold based and sensitivity to the selected threshold can yield onset dates that
vary significantly with slightly different thresholds; this issue is especially critical
when comparing datasets or climate models, which may have different biases in their
mean climatologies. Threshold-based indices are also susceptible to false onsets
due to pre-monsoon rainfall peaks and wind anomalies caused by transient weather
systems (e.g., Fieux and Stommel, 1977; Flatau et al., 2001; Noska and Misra,
2016).

In this study, we introduce an objective definition of large-scale SASM onset and
withdrawal which does not require selection of any threshold. This index is based
on change point detection of the atmospheric moisture flux converging in the large-
scale SASM sector (see Section 3) and robustly represents the seasonal transitions

in SASM circulation and precipitation.

2.2 Data

Atmospheric fields for the years 1980-2015 are used from NASA’s Modern-Era Ret-
rospective analysis for Research and Applications, Version 2 (MERRA-2; Rienecker
et al., 2011; Bosilovich et al., 2015). We use pressure-level winds and vertically
integrated moisture fluxes, at a horizontal grid resolution of 0.5° (latitude) x 0.625°
(longitude). Daily means are computed from the 3-hourly reanalysis. For precipita-
tion, we use daily estimates at 1° x 1° grid resolution from the Global Precipitation
Climatology Project Version 1.2 One-Degree Daily (GPCP; Huffman et al., 2001;
Huffman et al., 2016) from 1997 (first complete year available) through October
2015 (final month available).

Statistical significance of correlation coefficients are computed with a Student’s ¢ test,

and correlations which are statistically significant at the 5% level are highlighted.
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Figure 2.1: June—September (JJAS) fraction of yearly rainfall in GPCP climatology.
The magenta rectangle shows the averaging region for the CHP index. Kerala state
is outlined in blue.

2.3 SASM onset and withdrawal index

Index definition

Following the approach of our previous work on the interannual variability of the
SASM (Walker et al., 2015), we define the SASM region as 10-30°N, 60-100°E
(Fig. 2.1, further details in the Supporting Information) and we analyze seasonal

transitions in its large-scale atmospheric moisture budget, given by:

ow

o 2.1

Ps
MFC:—/ ) (uq)——P E+
0

where MFC is the horizontal moisture flux convergence integrated from the surface
to the top of the atmosphere, V- () the horizontal divergence in pressure coordinates,
u = (u,v) the horizontal wind vector, ¢ the specific humidity, P the precipitation
rate, E the evaporation rate, and w = /0 * q% the total precipitable water. With
negligible storage dw/dt (e.g., Fig. 2.2(a)), the dominant balance in the SASM
region is between MFC and net precipitation (P - E). Thus, positive (negative)

values of MFC correspond to positive (negative) net precipitation.

We define a change point (CHP) index for SASM onset and withdrawal, adapted
from the method of Cook and Buckley (2009) as follows: In each year, we compute
the MERRA-2 daily mean MFC, averaged over the SASM region. We then construct
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Table 2.1: Summary of CHP indices of large-scale SASM onset, withdrawal, and
season length.

Mean Standard Maximum Minimum
Deviation
Onset Date 138 (May-18) 8 153 (Jun-2) 122 (May-2)
Withdrawal Date 292 (Oct-19) 9 311 (Nov-7) 273 (Sep-30)
Season Length 154 13 186 130

a cumulative timeseries of MFC accumulated since January 1 of each year (CMFC).
We use a two-phase linear regression of CMFC versus day of year to detect change
points over two ranges: days 1-250 for monsoon onset, and days 200-400 for
monsoon withdrawal, where the days above 365 (366 in leap years) are from the

beginning of the following year.

Fig. 2.2(a) shows an example of the moisture budget terms from Eq. 2.1, the CMFC
timeseries, and CHP onset and withdrawal, for the year 2000. The onset captures the
first burst of monsoonal rainfall, followed by active-break rainfall cycles throughout
the season. The CHP onset (withdrawal) day corresponds approximately to the
minimum (maximum) of the CMFC timeseries and to the transition from negative
to positive values (positive to negative) of daily MFC, a consistent feature in all
years. Thus, our definition of onset corresponds with a moisture budget transition

from negative to positive net precipitation (and vice versa for withdrawal).

Fig. 2.2(b) shows the CHP onset dates in each year, while Table 2.1 and Fig. 2.3(a)
provide summary statistics of the onset, withdrawal, and season lengths, defined as
the number of days from onset to withdrawal. The climatological mean onset is
day 138 (May 18), withdrawal is day 292 (October 19), and season length is 154
days, with standard deviations of 8, 9, and 13 days, respectively. In the Supporting
Information, we discuss interannual variability in SASM timing associated with El
Nino-Southern Oscillation (ENSO). We also show that earlier onsets are associated

with longer seasons, and hence enhanced seasonal rainfall (Fig. 2.12, Table 2.2).

Index performance and comparison with other definitions

To assess representativeness of the CHP index and investigate transitions in circu-
lation and precipitation at SASM onset and withdrawal, we compute climatological
composites of daily fields centered on the onset (withdrawal) date in each year, so
that day O corresponds to onset (withdrawal) day. These composites are smoothed

with a centered 5-day moving average. Fig. 2.2(c-d) shows composites, centered
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Figure 2.2: (a) Example timeseries of MERRA-2 daily atmospheric moisture budget
averaged over 10-30°N, 60-100°E in the year 2000 (Jan 1, 2000 - Feb 3, 2001),
showing the total precipitation (dashed black), evaporation (solid black), MFC
(heavy solid black), atmospheric storage (solid gray), and CMFC (red). Vertical
black lines indicate the onset and withdrawal days in this year. (b) Yearly onset dates
defined by CHP (heavy black), HOWI (green), OCI (red), and MOK (blue). (c-d)
Climatological composites of MERRA-2 (1980-2015) and GPCP (1997-2015) daily
fields centered on onset date, averaged 60-100°E, with vertical black lines indicating
mean onset and withdrawal days, and dashed vertical black line indicating the start
of the “Mature” stage (day 15). (c) Moisture budget averaged 10-30°N, showing
MEFC (solid black, mm day~'), GPCP (dashed black, mm day~!), and CMFC (red,
mm). (d) 850 hPa zonal (black) and meridional (red) winds at 15°N (m s™!).
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Figure 2.3: (a) Box-and-whisker plot for yearly onset dates, withdrawal dates, and
season lengths defined by CHP. The blue boxes indicate the range between the 25th
and 75th percentiles, with a red line for the median and whiskers indicating the
total range. (b-c) Climatological composites of MERRA-2 and GPCP daily fields
centered on withdrawal date, averaged 60-100°E, with vertical black lines indicating
mean onset and withdrawal days. (b) Moisture budget averaged 10-30°N, showing
MEC (solid black, mm day_l), GPCP (dashed black, mm day‘l), and CMFC (red,
mm). (c) 850 hPa zonal (black) and meridional (red) winds at 15°N (m s~1).

on onset date, of various precipitation and circulation indices averaged in longitude
over the SASM sector (60-100°E). In Fig. 2.2(c), we see that the onset day marks the
beginning of a sharp increase in rainfall over the SASM region. Note that the GPCP
precipitation timeseries shown here is independent of the MERRA-2 moisture bud-
get and CHP calculations. Fig. 2.2(d) shows 850 hPa zonal (U850) and meridional
(V850) winds at 15°N, representing the lower-level flow across the Arabian Sea,
Indian peninsula, and Bay of Bengal. Around day 0, there is an abrupt transition in
both U850 and V850 from weak negative to strong positive values, indicating wind

reversal and development of strong southwesterly flow.

Thus, the CHP index robustly characterizes the distinguishing features of SASM

onset: initiation of heavy monsoon rain and reversal of lower-level winds. The
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climatological composites centered on withdrawal date (Fig. 2.3) show opposite but
much more gradual transitions at withdrawal, in agreement with previous studies
(Webster and Yang, 1992; Fasullo and Webster, 2003; Cook and Buckley, 2009).

For comparison with previously defined indices, we consider the MOK dates pro-
vided by the IMD and we use MERRA-2 to calculate two previously introduced
dynamically-based indices for the large-scale SASM: the hydrologic onset and with-
drawal index (HOWI; Fasullo and Webster, 2003), based on transitions in vertically
integrated moisture fluxes averaged over the Arabian Sea; and the onset circulation
index (OCI; Wang et al., 2009), based on a threshold in 850 hPa zonal wind averaged
over the Southern Arabian Sea. Fig. 2.2(b) shows the yearly onset dates defined
by these indices. High correlations and lead-lag relationships between them are
evident. For MOK, HOWI, and OCI, the climatological mean onset ranges from
days 151 to 152 (May 31 to June 1), whereas the climatological mean CHP onset is
13-14 days earlier, on day 138 (May 18). This offset is due to CHP onset represent-
ing the beginning of the transition (i.e., the change point) rather than the first day
when the monsoon rain and winds are well established, as represented by the other
definitions. Interannual variability of CHP onset is highly correlated with the other
indices, with correlation coefficients of 0.82, 0.73, and 0.76 with MOK, HOWI, and
OCI, respectively. CHP is also more highly correlated with the operational MOK
onset than the other two dynamically based indices, with correlation coefficients of
0.82, 0.62 and 0.56 of MOK with CHP, HOWI, and OCI, respectively.

There are numerous advantages to the CHP index in defining seasonal monsoon
transitions. Since no thresholds are used, this method is not hindered by the pitfalls
of threshold-based indices discussed in Section 1. By construction, the CHP index
is not susceptible to false onsets or withdrawals because change points are detected
taking into account the MFC at all days in the given range, rather than considering
only the values on a single day or few days. Finally, since change points represent
the beginning of the onset or withdrawal transition, rather than a day somewhere in
the midst of the transition, this definition allows us to characterize more precisely
the duration of the transition and to construct composites elucidating the different

timescales of the various stages of the monsoon, as discussed in the next section.
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Figure 2.4: Seasonal evolution of (a) GPCP and (b-d) MERRA-2 climatological
composites centered on onset date, averaged 60-100°E: (a) precipitation (mm day~!),
(b) 200 hPa meridional wind (m s™1), (¢) 200 hPa zonal wind (m s~!), and (d) 850
hPa zonal wind (m s™!). Vertical black lines indicate mean onset and withdrawal
days, and dashed vertical black line indicates the start of the “Mature” stage (day
15). Latitudes with less than 50% of grid points above the topography are masked
out in (d).

2.4 Seasonal transitions

Large-scale circulation and precipitation

Fig. 2.4 shows the seasonal evolution of climatological composites, centered on onset
date, of GPCP precipitation and MERRA-2 upper-level (200 hPa) and lower-level
(850 hPa) winds, averaged over 60-100°E. In each field, we see a gradual seasonal
transition over approximately two months preceding onset (“Pre-Monsoon” stage),
followed by an abrupt transition from day O to approximately day 15 (“Onset”
stage). By day 15, mature monsoon conditions are well established, persisting for
approximately three months (“Mature” stage). The “Withdrawal” stage is much
more gradual than the Onset stage, with a gradual retreat of monsoon rains and a
transition in winds occurring slowly over approximately the final 1.5 months of the
season (Figs. 2.3(b, ¢), 2.5).

During the Pre-Monsoon stage, the SASM sector intertropical convergence zone
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Figure 2.5: As in Fig. 2.4, but for composites centered on withdrawal date.

(ITCZ), indicated by the latitude of maximum precipitation, migrates across the
equator from approximately 10°S to approximately 2°N (Fig. 2.4(a)). A corre-
sponding transition is evident in the upper-level meridional wind (V200). The V200
field represents the upper-level flow of the large-scale meridional overturning circu-
lation in the SASM sector, as previously shown in the Eulerian mass streamfunction
for the seasonal mean monsoon (Bordoni and Schneider, 2008; Walker et al., 2015).
During the Pre-Monsoon stage, there are a pair of regional Hadley cells, with the
northern hemisphere (NH) cell initially stronger. As the southern hemisphere (SH)
cell expands into the NH and the ITCZ migrates northward across the equator, the
SH cell strengthens while the NH cell contracts and weakens (Fig. 2.4(b)). Con-
current with the transition in precipitation and V200, the upper-level westerly jet in
the NH weakens and migrates northward, while a subtropical westerly jet starts to
develop in the SH (Fig. 2.4(c)).

Around day 0, as the SASM moisture budget transitions from negative to positive
net precipitation, we observe a basin-wide switch of the lower-level zonal winds
over the Arabian Sea from negative to positive (Fig. 2.6), so that the lower-level NH
tropical trade winds are reversed over the entire SASM sector (Figs. 2.4(d), 2.6).
The lower-level southerly jet off the eastern coast of Africa (Somali jet) also begins
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Figure 2.6: Maps of zonal wind (m s~!) at 850 hPa in MERRA-2 climatological
composites centered on onset date, for days -15 through 40.

to develop around day O over an extended longitudinal range (Fig. 2.7). By the end
of the Onset stage (day 15), strong lower-level southwesterly flow has developed
across the SASM region, with maximum lower-level westerly and southerly wind
speeds exceeding 10 m s~! (Figs. 2.6, 2.7).

During the Onset stage, the ITCZ migrates rapidly northward to approximately 15°N
as the SH Hadley cell suddenly intensifies and expands deep into the NH, while the
NH Hadley cell almost disappears (Fig. 2.4(a, b)). Accompanying this transition is
an abrupt strengthening and expansion of upper-level tropical easterlies, northward
migration of the NH upper-level westerly jet, and strengthening of the SH upper-level
subtropical jet (Fig. 2.4(c)).

While consistent with previous findings for the SASM (e.g., Webster and Yang,
1992; Li and Yanai, 1996; Trenberth et al., 2005), these sector-mean seasonal transi-

tions in precipitation and winds also bear close resemblance to seasonal transitions
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Figure 2.7: As in Fig. 2.6 but for meridional wind.

of the zonal mean Hadley circulation, which shifts from the traditional equinoctial
pattern characterized by a pair of Hadley cells during equinox seasons to a solsticial
pattern dominated by a single cross-equatorial winter cell and a very weak or negli-
gible summer cell during summer seasons (Dima and Wallace, 2003; Nguyen et al.,
2013; Shaw, 2014). These similarities suggest that the SASM projects strongly on
the zonal mean Hadley cell during NH summer and can be understood, at least to
some extent, in terms of recent theories of zonally symmetric, angular momentum-
conserving overturning circulations (e.g., Gadgil, 2003; Privé and Plumb, 2007;
Bordoni and Schneider, 2008).

The 15-day timescale of the SASM onset transition is very abrupt compared to the
seasonal cycle of insolation, which is strongly dominated by annual and semiannual
Fourier harmonics (Weickmann and Chervin, 1988; Boos and Emanuel, 2009).
From day O to day 15, GPCP precipitation over the SASM region almost doubles,

from 3.1 mm day~! to 5.6 mm day~', and near-surface flow across the SASM
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sector at 15°N transitions from weak westerly zonal wind (1.6 m s~!) to strong
westerly zonal wind (6.0 m s~!) and from northerly meridional wind (-0.2 m s7h)
to southerly meridional wind (1.4 m s™!) (Fig. 2.2(c, d)). To reproduce the same
15-day transitions in these GPCP, U850, and V850 timeseries with a best fit of the
first n Fourier harmonics (based on residual least squares minimization) requires at
least n = 8, corresponding to much higher frequency variability than the seasonal

cycle of insolation.

Spatial characteristics and local onset

While our index represents transitions in the large-scale SASM rather than a single
region of its domain, it is of interest to explore spatial patterns of rainfall progression
at and after monsoon onset. These are shown in Fig. 2.8 through climatological
composites, centered on onset date, of GPCP precipitation on various days in the
monsoon season. The rain belt propagation follows a similar progression as seen
in previous studies (Wang and LinHo, 2002; Wang et al., 2009): Monsoon rainfall
initially develops over the eastern equatorial Indian Ocean, eastern Bay of Bengal,
Andaman Sea, Myanmar, and Thailand (days 0-5). By day 15, rains are estab-
lished over Kerala, followed by a gradual northward progression into the Indian

subcontinent over the following weeks.

To investigate the spatial characteristics of monsoon transitions over the SASM
region, and the relation of local onset (withdrawal) dates with our large-scale index,
we adapt the CHP method to define local onset (withdrawal) dates at each grid point.
Rather than using CMFC, which can be very noisy at individual grid points, we use
GPCP cumulative precipitation, which is a smoother, non-decreasing function (since
precipitation rates, unlike MFC, are nonnegative) and we average over a 4 °x 4 °
area centered on each grid point, to smooth small-scale variability. We apply the
change point detection method described in Section 3.1 to define the local onset and

withdrawal at each grid point.

Fig. 2.10(a) shows the climatological mean and standard deviation of local onset
dates, where regions with non-monsoonal precipitation (June-September rainfall
less than 50% of annual total, Fig. 2.1) are masked out. We see a coherent region
where the local onset dates are well defined, with standard deviations less than 20
days. In Kerala, local onset dates are very close to the climatological mean large-
scale onset (day 138), although the southernmost region is masked because GPCP is

unable to resolve all the regional features (Fig. 2.1). Going northward from Kerala,
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Figure 2.8: Maps of daily precipitation rates (mm day~!) in GPCP climatological
composites centered on onset date, for days O through 55. The magenta rectangle
shows the averaging region for the CHP index.

local onset dates are progressively later, with central and northeastern India having

local onset dates up to one month after the large-scale onset.

Fig. 2.10(b) shows the regression of local onset dates onto the large-scale onset
date. Over the coherent region described for Fig. 2.10(a), the local onset dates are
well correlated with the large-scale onset, with statistically significant regression
coefficients of order 1 day day~' over the peak rainfall regions. Thus, a later
(earlier) large-scale onset corresponds to a delay (advance) of similar magnitude in
local onset dates over the entire SASM region.

Toward the end of the season, the monsoon rain belts gradually withdraw south-
ward across the region over approximately 1.5 months preceding the large-scale
withdrawal date (Figs. 2.9, 2.11).
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Figure 2.9: As in Fig. 2.8, but for composites centered on withdrawal date, for days
-45 through 10.
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Figure 2.10: Local onset dates defined with CHP method using GPCP precipitation.
(a) Climatological mean (contours) and standard deviation (colors) of onset dates.
(b) Regression coefficients (day day‘l) of local onset dates onto large-scale CHP
onset index, with gray stippling indicating the regions where the correlation is
significant at the 5% level. Kerala state is outlined in blue.
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Figure 2.11: As in Fig. 2.10, but for withdrawal dates.

2.5 Conclusions

In this study, we have used the large-scale atmospheric moisture budget to propose
a robust, objective definition of SASM onset and withdrawal, which captures the
expected transitions in rainfall and winds. This method does not require any thresh-
olds and is not susceptible to false onsets, making it ideal for analyzing variability
and trends in SASM timing across datasets and climate models. CHP onset is highly
correlated with the commonly used local operational index, the MOK, and is also
correlated with subsequent variability of the SASM: earlier onsets are associated

with longer monsoon seasons and enhanced seasonal rainfall.

The use of change point detection allows us to precisely characterize the duration
and abruptness of monsoon onset and to construct composites of the different
stages of the monsoon that are characterized by different timescales. We show that
CHP-based onset and withdrawal dates correspond with transitions in the large-scale
SASM atmospheric moisture budget between negative and positive net precipitation.
In the SASM sector mean, seasonal transitions in precipitation and circulation are
strikingly similar to those in the zonal mean Hadley circulation, with a migration of
the local ITCZ from the SH to the NH concurrent with a transition from an equinox
regime with meridional overturning cells in each hemisphere to a solstice regime
dominated by a single, cross-equatorial winter cell, and corresponding changes in
upper-level equatorial easterly jet and subtropical westerly jets.

Using the CHP method to define local onset and withdrawal dates at each grid
point in the SASM domain, we find that local onset dates are approximately equal
to the large-scale SASM onset date in Kerala, and are progressively later further
northward, with local onset dates up to one month after large-scale onset in central

and northeastern India. The local onset dates are well correlated with the large-
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scale onset on interannual timescales, particularly in the peak rainfall regions, with
a delay (advance) in large-scale onset associated with a delay (advance) of similar

magnitude in local onset.

Future work includes using this newly defined index to quantify changes that occur in
the leading energy and momentum budgets at SASM onset and withdrawal, as well
as examining the reproducibility and future changes of SASM onset and withdrawal
in models included in the CMIP5 archive.

2.6 Appendix: Supporting information

Domain selection

To calculate the CHP index, we use the same domain (Fig. 2.1) as in our previous
study (Walker et al., 2015), which we chose to represent the large-scale monsoon,
including the precipitation maxima over India and the Bay of Bengal. We analyzed
the sensitivity of our results to the domain choice and found that expanding or
shrinking the latitude or longitude range did not substantially alter our findings, as
long as we do not extend the domain past 100°E into Southeast Asia, where the
monsoon variability is distinct from the SASM (Walker et al., 2015).

We chose 10-30°N as our latitude boundaries in order to include the latitudes in
which the monsoonal circulation behaves coherently across most or all of the 60—
100°E sector: hence, we exclude the topography to the north and the oceanic regions
to the south whose seasonal variability is not consistent with the summer monsoon
(less than half of annual rainfall occurring during June—-September, Fig. 2.1). Al-
though Kerala, a major regional component of the SASM, does extend south of
10°N, the surrounding oceanic regions—comprising the majority of the SASM
sector south of 10°N—feature a different seasonal behavior (Fig. 2.1). This is con-
firmed when we re-calculate the CHP onset extending the domain to 5-30°N: the
correlation with MOK actually decreases from 0.82 (Section 2.3) to 0.76, indicating
that 10°N is an appropriate southern boundary to represent the large-scale features

we focus on here.

Interannual Variability

Table 2.2 shows that monsoon season length is strongly correlated with both onset
date (-0.76) and withdrawal date (0.80), indicating that longer monsoon seasons
are associated with earlier onset and later withdrawal, consistent with previous
findings (Goswami, 2005; Cook and Buckley, 2009). Early onset, late withdrawal,

and longer season length are also correlated with increased cumulative rainfall
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over the monsoon season (Fig. 2.12, Table 2.2). This enhanced seasonal rainfall
is approximately balanced by an increase in evaporation, leading to no significant
correlations in the net precipitation (Fig. 2.12). The correlations in seasonal mean
rates (Fig. 2.13, Table 2.2), while in some cases less robust, are all in the opposite
direction as the correlations in the seasonal totals, indicating that season length—
rather than changes in daily rates—is the primary cause for the observed correlations
in Fig. 2.12. Thus, we conclude that the enhanced seasonal rainfall associated with
early onsets, late withdrawals, and longer seasons is due to the increase in season
length and is partially, but not completely, offset by a slight reduction in daily rainfall

rates.

To investigate interannual variability in SASM timing associated with El Nifo—
Southern Oscillation (ENSO) variability, we use the Nifio 3 index provided by
the National Oceanic and Atmospheric Administration (NOAA) Climate Prediction
Center (CPC) for the years 1980-2015. This index is a monthly average of sea surface
temperatures from the Extended Reconstructed Sea Surface Temperature Version 4
(ERSST; Huang et al., 2015), averaged over the region 5°S—5°N, 150°W-90°W. We
also conducted our analysis with the commonly used Nifio 3.4 index (same as Nifo
3 but averaged over 5°S—5°N, 170°W-120°W) and the results are all qualitatively
similar but with weaker correlations, so we present the Nifio 3 index, which displays
the strongest correlations. We find that later onset dates are correlated with warm
ENSO conditions in the previous March—-May (MAM) and concurrent June—August
(JJA), and shorter monsoon seasons are correlated with warm ENSO conditions
in JJA (Table 2.2), consistent with previous findings (Fasullo and Webster, 2003;
Goswami, 2005; Cook and Buckley, 2009; Noska and Misra, 2016).
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Figure 2.12: Scatter plots and linear regressions of detrended monsoon season
totals (mm), from onset to retreat in each year, of MERRA-2 moisture flux con-
vergence (MFC_TOT), MERRA-2 precipitation (PCP_TOT), GPCP precipitation
(GPCP_TOT), and MERRA-2 evaporation (EVAP_TOT), averaged 10-30°N, 60—
100°E vs. detrended SASM onset, retreat, and season length (days). Note that
the GPCP dataset is shorter than MERRA-2, so higher correlation coefficients are
required for statistical significance at the 5% level.
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Figure 2.13: Scatter plots and linear regressions of detrended seasonal mean rates
(mm day~!), averaged from onset to retreat in each year, of MERRA-2 moisture flux
convergence (MFC_AVG), MERRA-2 precipitation (PCP_AVG), GPCP precipita-
tion (GPCP_AVG), and MERRA-2 evaporation (EVAP_AVG), averaged 10-30°N,
60-100°E vs. detrended SASM onset, retreat, and season length. Note that the
GPCP dataset is shorter than MERRA-2, so higher correlation coefficients are re-
quired for statistical significance at the 5% level.
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Table 2.2: Interannual correlation coefficients between CHP indices, GPCP seasonal
total and mean rainfall (from onset to withdrawal each year, averaged 10—-30°N, 60—
100°E), and ENSO indices. Values significant at the 5% level are indicated in bold.
Note that the GPCP dataset is shorter than the other indices, so higher correlation

coeflicients are required for statistical significance at the 5% level.

Onset Date  Withdrawal Date  Season Length

Onset Date 1.00
Withdrawal Date -0.22
Season Length -0.76
GPCP Seasonal Total Rainfall -0.56
GPCP Seasonal Mean Rainfall 0.36
NINO3 MAM 0.41

NINO3 JJA 0.39

-0.22
1.00
0.80
0.46

-0.53
0.08

-0.24

-0.76
0.80
1.00
0.61

-0.54

-0.20

-0.40
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Chapter 3

SEASONAL VARIABILITY

Abstract

We analyze seasonal changes in the dynamics and thermodynamics of the South
Asian summer monsoon (SASM) in atmospheric reanalysis data, to evaluate the
extent to which emerging theoretical frameworks are consistent with the observed
monsoon. Climatological composites reveal that at monsoon onset, an abrupt
strengthening and northward migration of the maximum in sub-cloud equivalent
potential temperature (6,.5) accompany the rapid northward movement of the mon-
soon rainbelt. These changes in 6, are driven by changes in near-surface specific
humidity, rather than changes in near-surface temperature, whose gradient in fact
decreases at monsoon onset, inconsistent with the traditional sea-breeze paradigm
for the monsoon. These findings are inconsistent with the traditional paradigm of
the monsoon as a sea breeze circulation and confirm the convectively coupled view
of the SASM circulation as an energetically-direct overturning circulation as more

fundamental for the understanding of monsoon dynamics.

Providing further support to this emerging view, we show that the SASM sector
mean circulation at monsoon onset undergoes a rapid transition from an equinox
circulation with a pair of tropical overturning cells, to a solstice circulation dom-
inated by a strong cross-equatorial monsoonal cell and negligible overturning cell
in the northern hemisphere. This transition corresponds to a transition in the lead-
ing order momentum budget, from an eddy-dominated equinox regime to a highly
nonlinear monsoon regime which approaches conservation of angular momentum.
These transitions are similar to those seen in idealized zonally symmetric studies of
aquaplanet monsoons, suggesting that eddy-mean flow feedbacks identified in those
studies may be acting in the SASM sector, and may contribute to the abruptness of
the SASM onset. Our findings highlight the importance of nonlinear dynamics in
the seasonal evolution of the SASM circulation and suggest that some fundamen-
tal aspects of the observed monsoon can be understood in the absence of land-sea

contrast or other zonal asymmetries.
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3.1 Introduction

One of the most striking features of the South Asian summer monsoon (SASM) is its
rapid onset, with abrupt changes in circulation and precipitation as the rainy season
begins (e.g., Walker and Bordoni, 2016). However, there remains much debate
over which mechanisms drive these transitions and render them rapid. Proposed
onset mechanisms have included a threshold response to a critical temperature
distribution (e.g., Plumb and Hou, 1992), inertial instability of cross-equatorial flow
(e.g., Krishnakumar and Lau, 1997; Tomas and Webster, 1997), wind-evaporation
feedbacks (e.g., Minoura et al., 2003; Boos and Emanuel, 2008a; Boos and Emanuel,
2008b), and interactions with atmospheric intraseasonal oscillations (Wu and Zhang,
1998; Goswami et al., 2006b; Li and Pan, 2006; Hung and Hsu, 2008).

Several modeling studies have explored implications of dynamical and thermody-
namical constraints on monsoonal circulations. One important class of theories
builds on axisymmetric models of idealized Hadley circulations that exist in the
absence of large-scale eddies and other zonal asymmetries. The widely accepted
paradigm of these axisymmetric Hadley circulations is based on the nearly inviscid
theory by Held and Hou (1980), who emphasized the importance of nonlinear ad-
vection and conservation of angular momentum in the upper branches of the Hadley
cell and provided scalings for its width, strength, and heat and momentum trans-
port. The dynamical constraint of conservation of angular momentum in the upper
troposphere has been argued to be also relevant in axisymmetric models forced by
a localized off-equatorial heating with zero gradients across the equator (Plumb
and Hou, 1992; Emanuel, 1995), in which a deep, angular momentum-conserving,

cross-equatorial Hadley circulation develops above a threshold forcing amplitude.

Recent work has however emphasized the importance of baroclinic eddies, which
are neglected in axisymmetric theories, in the dynamics of the Hadley cell, with
associated eddy momentum flux divergence forcing the zonally-averaged circula-
tion to deviate from conservation of angular momentum (e.g., Walker and Schneider,
2006; Schneider, 2006). Interactions between baroclinic eddy fluxes and the tropical
overturning circulation have also been argued to be implicated in the onset (and its
rapidity) of large-scale monsoons by Schneider and Bordoni (2008) and Bordoni and
Schneider (2008). More specifically, these studies suggest that the onset of large-
scale monsoons corresponds with a transition in the tropical angular momentum
budget between an equinox regime, in which the circulation is driven by extratrop-

ical large-scale eddies, to a monsoon regime, in which the circulation approaches
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conservation of angular momentum and more directly responds to energetic con-
straints. Feedbacks between large-scale extratropical eddy fluxes of momentum,
upper-level winds, sub-cloud moist static energy, and overturning circulation can
render the transition rapid, leading to an abrupt monsoon onset, even in aquaplanet
simulations with no surface inhomogeneities. Necessary for the development of
these aquaplanet monsoons is not an imposed land-sea contrast, but rather a surface
whose thermal inertia is low enough to allow for surface fluxes, and with them the

circulation, to adjust rapidly.

In the zonal mean circulation, an abrupt transition from boreal spring to summer
is also observed. Shaw (2014) finds that this seasonal change corresponds with a
transition to a wave-dominated regime, in which planetary-scale wave latent heat
and momentum transport dominate over zonal mean transport. Hypothesizing that
these planetary-scale waves may be associated with monsoon-anticyclone systems
and may be a driving mechanism in the seasonal transition, Shaw (2014) uses
an idealized aquaplanet model to investigate whether zonally asymmetric heating
perturbations in the subtropics can produce a transition in the zonal mean circulation
similar to the observed seasonal transition. Above a certain perturbation amplitude,
the anomalous circulation response and a localized reversal in absolute vorticity in
the NH tropical upper troposphere are sufficient to trigger a transition to a solstice
regime similar to that observed in the zonal mean in boreal summer, in which the
circulation is dominated by a strong cross-equatorial winter cell which expands deep

into the summer hemisphere.

The results from these earlier studies raise several questions: To what extent are
the zonally-symmetric mechanisms discussed in Schneider and Bordoni (2008) and
Bordoni and Schneider (2008) relevant to observed monsoons, which are inherently
zonally localized? What is the leading order angular momentum balance in the
SASM sector, and how does it change at monsoon onset? How do circulation
changes in the SASM sector project onto circulation changes in the zonal mean?

Are the sector and zonal mean circulations driven by similar dynamics?

In this study, we address these questions by using reanalysis data to investigate the
seasonal transitions in large-scale dynamics and thermodynamics of the SASM.
One specific goal is to explore the mechanisms governing its seasonal evolution
and to link the SASM sector mean changes to the seasonal transitions of the zonal
mean circulation. We construct climatological composites, centered on SASM on-

set date, to analyze important aspects of the energetics and momentum balance of
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the circulation throughout the SASM sector, including atmospheric fields remote
to the monsoon, which affect the large-scale transports of momentum and energy.
Comparing SASM composites with predictions from theoretical studies and ideal-
ized simulations, we evaluate the extent to which these theoretical frameworks are

consistent with the observed seasonal variability of the SASM.

3.2 Data and methods

For atmospheric data, we use NASA’s Modern-Era Retrospective analysis for Re-
search and Applications, Version 2 (MERRA-2; Rienecker et al., 2011; Bosilovich
et al., 2015), years 1980-2015, at a horizontal grid resolution of 0.5° (latitude) X
0.625° (longitude). To assess seasonal variability, we compute daily mean values
from the 3-hourly reanalysis. Pressure-level data are extracted on all 42 levels,
except for the momentum budget calculations (Section 3.4), which are extracted at
17 pressure levels (1000, 925, 850, 775, 700, 600, 500, 400, 300, 250, 200, 150,
100, 70, 50, 30, and 20 hPa) for computational efficiency. For moisture and en-
ergy fluxes, we use the mass-weighted vertically integrated moisture fluxes from the
reanalysis output; because of improvements in MERRA-2, global conservation of
dry atmospheric mass is maintained in the data assimilation system, so these fluxes

satisfy mass balance constraints (Takacs et al., 2015).

For precipitation, we use Global Precipitation Climatology Project Version 1.2 One-
Degree Daily (GPCP; Huffman et al., 2001; Huffman et al., 2016) daily estimates at
1° X 1° grid resolution, from 1997 (first complete year available) through October
2015 (final month available). For ocean mixed layer depths, we use a 2° X 2° gridded
monthly climatology from the Institut francais de recherche pour I’exploitation de la
mer (Ifremer), based on temperature profiles from the National Oceanographic Data
Center’s World Ocean Database (WOD), the World Ocean Circulation Experiment
(WOCE) database, and the Argo program (de Boyer Montégut et al., 2004).

Building on our previous work on SASM interannual variability (Walker et al.,
2015) and onset/withdrawal indices (Walker and Bordoni, 2016), we define the
SASM sector as 60-100°E. We chose this longitude range to represent the large-
scale monsoon, including the precipitation maxima over India and the Bay of Bengal,
and encompassing the broad sector where the circulation behaves coherently as an
overturning circulation with the majority of mass transport within the meridional-
vertical plane. As we will show later (Section 3.3), west of 60°E, the circulation

is dominated by the lower-level Somali jet, rather than the meridional overturning
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circulation of the SASM. East of 100°E, the monsoon in Southeast Asia displays
variability distinct from the SASM (Walker et al., 2015).

To define onset and withdrawal of the SASM, we use a dynamical index based on
the vertically integrated atmospheric moisture flux convergence (MFC) that we have
recently introduced (Walker and Bordoni, 2016). Briefly, the change point index
(CHPI) is computed in each year using a timeseries of MFC, averaged over 10-30°N,
60-100°E (Fig. 3.1), to compute a cumulative timeseries of MFC accumulated since
January 1 (CMFC), and then applying a two-phase linear regression of CMFC vs.
day of year to detect change points over two ranges: days 1-250 for onset, and
days 200-400 for withdrawal. We chose the averaging domain to correspond with
the SASM sector in longitude and we selected the latitude limits to focus on the
subtropical monsoonal precipitation, excluding the topography to the north and
the oceanic regions to the south whose seasonal variability is not consistent with
the summer monsoon, with less than half of the annual rainfall occurring during

June-September (Fig. 3.1).

Figure 3.1: June—September (JJAS) fraction of yearly rainfall in GPCP climatology
(contours) and ocean mixed layer depths (m) in Ifremer May climatology (colors).
The blue rectangle shows the averaging region for the SASM onset index.

The climatological mean CHPI onset date is May 18, with a standard deviation of
8 days (Walker and Bordoni, 2016). It precedes typical onset indices by about 14
days because the change point represents the first day of the onset transition, rather
than the first day when the monsoon rain and winds are well established. This index
robustly captures the expected seasonal transitions in SASM winds and precipitation,
with onset marking a sharp increase in rainfall over the SASM domain and initiation

of strong lower-level southwesterly flow (Fig. 3.2(a,b), Walker and Bordoni, 2016).
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Onset (withdrawal) also corresponds to a transition in the atmospheric moisture
budget from negative to positive (positive to negative) net precipitation (Walker
and Bordoni, 2016); hence the summer monsoon season defined by this index
corresponds to the time period when net precipitation averaged over the SASM

domain is positive.

To examine SASM seasonal variability, particularly the transitions associated with
monsoon onset, we compute climatological composites of daily atmospheric fields,
centered on the CHPI onset date in each year, so that day O corresponds to the onset

date. We smooth these composites with a centered 5-day moving average.

3.3 Atmospheric circulation and thermodynamics

In our previous study (Walker and Bordoni, 2016), we described important aspects
of the large-scale SASM seasonal evolution, focusing primarily on precipitation
and lower-level winds to assess the performance of our newly defined index. We
identified the stages of the SASM as “Pre-Monsoon” (two months preceding CHPI
onset), “Onset” (an abrupt 15 day transition starting at CHPI onset), “Mature” (ap-
proximately three months following the Onset stage), and “Withdrawal” (a gradual
transition occurring over approximately 1.5 months preceding CHPI withdrawal).
Here we expand this analysis to a more complete description of the seasonal transi-

tions in dynamics and thermodynamics of the SASM.

Precipitation and meridional overturning circulation

We characterize the SASM meridional overturning circulation (i.e., regional Hadley
cells) by computing the Eulerian mass streamfunction () averaged in longitude
across the SASM sector. The seasonal evolution of this circulation, along with
precipitation and other atmospheric fields averaged over the SASM sector, are
shown in Figs. 3.2, 3.3 and 3.4.

The Pre-Monsoon stage is characterized by a gradual transition during which the
northern hemisphere (NH) Hadley cell contracts and the southern hemisphere (SH)
Hadley cell strengthens and becomes cross-equatorial (Figs. 3.2(b), 3.3, 3.4(b)).
The migration into the NH hemisphere of the SH Hadley cell’s ascending branch is
accompanied by a corresponding migration in the sector mean intertropical conver-
gence zone (ITCZ, indicated by the latitude of maximum precipitation) (Fig. 3.4(a)).
From days O to 15 (Onset stage), changes in the overturning circulation become sig-
nificantly more rapid, with the SH Hadley cell abruptly strengthening and expanding
deep into the NH, and the NH Hadley cell contracting, weakening, and almost dis-
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Figure 3.2: Climatological composites of MERRA-2 (1980-2015) and GPCP (1997-
2015) daily fields centered on onset date, averaged 60-100°E, with vertical black
lines indicating mean onset and withdrawal days, and dashed vertical black line
indicating the start of the “Mature” stage (day 15). (a) Moisture budget averaged 10-
30°N, showing MFC (solid black, mm day~'), GPCP (dashed black, mm day~!), and
CMEC (red, mm). (b) 200 hPa zonal wind (black, m s™!) and 500 hPa streamfunction
(red, 10° kg s~1) at 0°N. (c) 200 hPa atmospheric temperature at 30°N (black, K)
and 30°S (red, K). Panel (a) is adapted from Walker and Bordoni (2016).

appearing (Figs. 3.2(b), 3.3, 3.4(b)). During this stage, heavy rainfall develops
over the northeastern Arabian Sea and Bay of Bengal, and nearby coastal regions
(Fig. 3.5(a)), and the sector mean ITCZ migrates rapidly northward to approxi-
mately 15°N (Fig. 3.4(a), 3.5(a)). By Day 15, mature monsoon conditions are well
established, persisting for several months until tapering off into a gradual retreat
(Fig. 3.4).

These seasonal transitions in SASM sector mean precipitation and circulation closely
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Figure 3.3: Latitude-pressure contours of SASM sector mean streamfunction (black,
contour interval 5 x 10° kg s~1) and zonal wind (violet, contour interval 5 ms™'), on
days -45, -30, -15, 0, 15, and 30. Positive contours are solid and negative contours
are dashed. The zero line is indicated by a heavy solid contour for the zonal wind,
and is omitted for the streamfunction. Sector mean topography is shaded in black.

resemble those of the zonal mean Hadley circulation, from an equinox regime with
two overturning cells, to a solstice regime dominated by a cross-equatorial SH
cell and near disappearance of NH cell, accompanied by a northward migration
of ITCZ (Dima and Wallace, 2003; Nguyen et al., 2013; Shaw, 2014). In the
following sections, we will further explore the dynamics of this transition within the
framework of the large-scale momentum and energy budgets. This is the first study
to do so in the SASM sector, rather than in the global zonal mean. Implications for

the theoretical understanding of monsoons will also be discussed.

Upper-level zonal winds and temperature

While their relevance to the observed Earth’s zonally averaged Hadley cells has been
questioned by recent work (e.g., Schneider, 2006; Walker and Schneider, 2006),

there is evidence that axisymmetric theories of tropical overturning circulations
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Figure 3.4: Seasonal evolution of (a) GPCP and (b-e¢) MERRA-2 climatologi-
cal composites centered on onset date, averaged 60—100°E: (a) precipitation (mm
day™!), (b) 500 hPa streamfunction(10° kg s™1), (c) 200 hPa zonal wind (m s™!), (d)
200 hPa temperature (K), and (e) near-surface equivalent potential temperature (K).
Vertical black lines indicate mean onset and withdrawal days, and dashed vertical
black line indicates the start of the “Mature” stage (day 15). Panels (a, c) are adapted
from Walker and Bordoni (2016).

might provide insight into the dynamics and response to perturbations of large-scale
monsoonal, cross-equatorial circulations (e.g., Privé and Plumb, 2007; Bordoni and
Schneider, 2008; Schneider and Bordoni, 2008). In the limit of angular momentum
conservation, these cross-equatorial circulations are characterized by strong upper-
level easterly flow in the deep tropics, flanked by a strong subtropical westerly jet in
the winter hemisphere, and a weaker westerly jet in the summer hemisphere (Lindzen
and Hou, 1988). The establishment of a monsoonal cross-equatorial circulation in
the SASM sector at monsoon onset is accompanied by changes in upper-tropospheric

winds that are consistent with this theoretical framework (Fig. 3.4). During the early
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weeks of the Pre-Monsoon stage, when the NH overturning cell is cross-equatorial,
the NH subtropical jet is much stronger than the SH subtropical jet. In the weeks
leading up to onset, as the ITCZ migrates north of the equator and the SH cell
becomes cross-equatorial, the NH subtropical jet weakens while the SH subtropical
jet strengthens. During the Onset stage, as the SH cell rapidly expands deep into
the NH, with its ascending branch migrating far from the equator, there is an abrupt
strengthening and expansion of equatorial upper-level easterlies (Fig. 3.2(b), 3.4(c),
3.5(b)), and the SH subtropical jet also strengthens abruptly (Fig. 3.4(c)). A more
detailed analysis of the momentum budget will be provided in Section 3.4.

Another feature of cross-equatorial angular momentum conserving circulations is
the tendency to symmetrize upper-level atmospheric fields between the northern
and southern hemispheres (Lindzen and Hou, 1988). Upper-level temperatures and
winds in the SASM sector show that during the summer monsoon season, the SASM
circulation exhibits such a symmetrization between hemispheres, with a subtropical
maximum in each hemisphere and equatorial minimum (Fig. 3.4(c, d)). While an
asymmetry exists between the temperature maxima in the NH and SH, possibly
due to stronger wintertime extratropical eddy heat fluxes in the SH, the fields are
remarkably symmetric in their seasonal evolution with the onset and progression of
the SASM (Fig. 3.2(c)).

During the Onset stage, this pattern of subtropical maxima in each hemisphere
intensifies and broadens, with the maxima in both U200 and TOO strengthening and
shifting poleward from day O to day 15; even the day O to day 15 anomalies in sector
mean U200 and T200 display the same pattern, with subtropical maxima in each
hemisphere (Fig. 3.5). Thus, this tendency to symmetrize between hemispheres is

evident in the SASM seasonal evolution, including the abrupt onset transition.

Quasi-equilibrium

Monsoon dynamics in a convective quasi-equilibrium framework have been explored
in both modeling and observational studies (e.g., Emanuel, 1995; Chou et al., 2001;
Neelin, 2007; Privé and Plumb, 2007). These studies argue that the maximum
subcloud equivalent potential temperature (6,5) is approximately co-located with
the peak monsoonal precipitation. This approximate co-location has been shown to
hold in most monsoons regions both in the climatological mean (Nie et al., 2010)
as well as on interannual timescales (Hurley and Boos, 2013; Walker et al., 2015).

Does the maximum subcloud equivalent potential temperature track the monsoonal
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Figure 3.5: Maps of precipitation (a—c, mm day~!), 200 hPa zonal wind (d—f, m
s~1), and 200 hPa temperature (g—i, K) on day O (a, d, g) and the anomaly from day
0 to day 15 (b, e, h). SASM sector mean fields vs. latitude on days 0O, 15, and the
anomaly from day O to 15 are shown in (c, f, i).

precipitation on seasonal time scales as well? If so, are the related changes primarily
associated with variations in temperature or humidity? To answer these questions,
we compute 6., from temperature and specific humidity extracted from the lowest
model level in the MERRA-2 terrain-following hybrid-sigma coordinates. We find
that the maximum in 6., does closely follow the ITCZ on seasonal timescales,
migrating from SH to NH in the Pre-Monsoon stage, and abruptly strengthening and
migrating into the NH subtropics during the Onset stage (Fig. 3.4). We also see the
coupling between 6., and upper-level temperature (Fig. 3.4), which is also consistent
with the quasi-equilibrium view of convection maintaining the vertical temperature
structure close to a moist adiabat on relatively fast time scales. Fig. 3.6 shows

that during the Onset stage, the strengthening and northward shift in maximum
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O.p is due to changes in atmospheric near-surface humidity, with the near-surface
temperature over India actually decreasing. This confirms how the importance
of surface sensible heat fluxes as a fundamental driver of the monsoon has been
over-emphasized in the literature and how latent heat fluxes are at least equally
as, if not more important than, sensible heat fluxes for the monsoon strength (e.g.,
Molnar et al., 2010). In the convectively coupled view of large-scale circulations,
monsoons are energetically-direct circulations that export the energy that enters
into the atmospheric column through surface (dry and latent) enthalpy fluxes and
radiative fluxes. Thus, near-surface temperatures are not an external forcing, but are
abyproduct of the circulation itself. At monsoon onset, as the circulation strengthens
and rainfall increases, the land-sea contrast in near-surface temperatures decreases

but the near-surface moist enthalpy gradient increases.
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Figure 3.6: As in Fig. 3.5, but for near-surface equivalent potential temperature
(a—c, K) and near-surface temperature (d—f, K).

Cross-equatorial energy transport

Recent studies of the zonal mean circulation have emphasized the importance of the
energy budget in determining the position and variability of the zonal mean ITCZ
on timescales from seasonal through interannual and longer (e.g., Kang et al., 2008;
Kang et al., 2009; Frierson and Hwang, 2012; Donohoe et al., 2013; Donohoe et al.,
2014; Frierson et al., 2013; Bischoff and Schneider, 2014; Schneider et al., 2014;
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Adam et al., 2016). In this framework, energy imbalances between the northern and
southern hemispheres, such as those associated with the seasonal cycle of insolation,
are compensated by meridional transports of energy by the ocean and atmosphere
from the warmer hemisphere to the cooler hemisphere. In the atmosphere, this
cross-equatorial transport of moist static energy (MSE: h = C,T + gz + L,q,) is
primarily accomplished by the Hadley circulation. In the lower branch of the Hadley
circulation, MSE transport is toward the ascending branch of the circulation (i.e.,
toward the ITCZ), and is dominated by the moist enthalpy (C,T + L,g,). In the
upper branch, MSE transport is in the opposite direction, away from the ITCZ,
and is dominated by the geopotential (gz). Overall, the opposing transports tend
to cancel each other out, but the upper branch dominates slightly, leading to a
net meridional transport of MSE in the direction of the upper branch, away from
the ITCZ (Held, 2001). Thus, an ITCZ in the NH (SH) is associated with a net
southward (northward) cross-equatorial MSE transport by the Hadley circulation.
Here we examine the cross-equatorial MSE transport across the SASM sector to
evaluate to what extent similar characteristics are found in the SASM overturning

circulation.

Fig. 3.7 shows the vertically integrated meridional fluxes in MSE, averaged 5°S—
5°N, as a function of longitude and day. During the summer monsoon season, there
is a clear split in the MSE fluxes around 60°E: west of 60°E, MSE transport is
positive and dominated by the lower-level moist enthalpy components, while east
of 60°E, MSE transport is negative and dominated by the upper-level geopotential
component. This is consistent with the findings of Heaviside and Czaja (2013), who
identified two distinct categories of circulation associated with the Asian summer
monsoon: a strong Somali jet off the eastern coast of Africa, with transport mostly
occurring in the lower troposphere (surface up to approximately 600 hPa); and a
deep meridional overturning circulation in the longitudes of monsoonal convection,
with a vertical dipole structure in mass and energy transports. Fig. 3.7 confirms that
60°E is an appropriate western boundary to use in defining our SASM sector such
that the sector-mean fields are representative of the SASM meridional overturning

circulation.

Fig. 3.8 shows the seasonal evolution in cross-equatorial MSE fluxes, integrated
across the Somali jet sector (40—-60°E) and SASM sector (60—100°E). We see that
in the SASM sector, the MSE transport and sector mean ITCZ display a seasonal

evolution consistent with the energy budget framework. Around day -30, as the
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Figure 3.7: Meridional fluxes of MSE components, averaged 5°S—5°N (10° W m™1).
(a) Total MSE flux v(C,T + gz + L,q,). (b) Enthalpy flux vC,T. (c) Geopotential
flux vgz. (d) Latent energy flux vL,gq,.

SASM ITCZ migrates from the SH to the NH (Fig. 3.4(a)), the cross-equatorial
MSE fluxes transition from northward to southward. Between days O and 15, as
the ITCZ migrates deep into the NH subtropics and the SH Hadley cell abruptly
strengthens, there is a concurrent increase in the magnitude of southward cross-
equatorial MSE fluxes. In the Somali jet sector, cross-equatorial MSE fluxes become
northward around day -30 and start to intensify over the following month, consistent
with previous findings that intensification of the Somali jet precedes the onset of
monsoon rainfall by several weeks (Boos and Emanuel, 2009). From day 0 to 15,
the northward MSE fluxes in the Somali jet sector abruptly strengthen even further,

culminating in very strong energy transport during the mature monsoon season.

Most of the MSE transported by the Somali jet across the equator eventually flows
eastward into the SASM sector, where it is then returned across the equator in the
upper branch of the SASM overturning circulation (Heaviside and Czaja, 2013).
It is interesting that despite the significant contribution of these zonal flows to the

SASM energy budget, the relationship between SASM sector mean ITCZ position
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and cross-equatorial MSE transport is similar to the energy budget framework for
a closed meridional circulation. In future work, we will further explore these

relationships and other aspects of the SASM energy budget.

3.4 Momentum budget

Leading order balances in the upper troposphere

To investigate the dominant balances in the zonal momentum budget, we decompose
the flow into mean and eddy components as A = [A] + A" + A, where overbars
denote time mean fields, computed with a 5-day moving average, centered on each
day (A = /tllz Adt/(t, — t1)); primes denote deviations from these time means;
square brackets denote the SASM sector mean ([A] = fx )162 Adx[(xy — x1), with x,
xp corresponding to 60°E, 100°E); and asterisks denote deviations from the sector
mean. Thus, the fields [u], [V], and [w] represent the quasi-steady (over 5 days) mean
meridional circulation (MMC) within the SASM sector and the fields u*, v*, and w*
represent quasi-stationary eddies associated with deviations from this sector mean
circulation. We define the mean and eddy components using the sector mean rather
than the full zonal mean, following the approach of Yang et al. (2013), because we
want the MMC to represent the SASM overturning circulation, rather than having

the SASM circulation consolidated into the stationary eddy field.
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In the upper troposphere, assuming negligible friction, the zonal momentum equa-
tion within the SASM sector is given by Egs. 3.1-3.5:

8,ﬁ = ADVMMC + EMFCST + EMFCrgr + CRS + f[V] + fv* - axa* (31)

—[v]

ADVyyce = 0y([u]cosh) — [w]0,[u] (3.2)
cosb
1
EMFCsy = —0,(0't") — —-0,('V" cos*0) - 0,(u"@") (3.3)
cos<6
EMFCrg = —0,(wu’) — 5 ﬁy(u’v’coszﬁ) - 0p(W'w’) (3.4)
cos-0

CRS = —[u]ou” - ﬂé?y(ﬁ*cose) - [w]d,u” - V—*ay([ﬁ]cose) —w"dplu] (3.5)
cost cost

The acceleration of zonal wind is comprised of the following components: advection
by the MMC (ADVysp¢), eddy momentum flux convergence (EMFC) from station-
ary eddies (EM FCsr) and transient eddies (EM FCrg), cross-terms representing
interactions between stationary eddies and the MMC (CRS), Coriolis forces, and
the pressure gradient force (PGF: —(9x5*). Note that with our definition of [A],
0x[A] # [0;A] due to the boundary terms at xj, x», so although [A*] is identically
zero, [0 A*] is not. Thus, when taking the SASM sector mean of Egs. 3.1-3.5, the
term [ fv"] in Eq. 3.1 drops out, while the boundary term [6x5*] = 5*| X — 6*|X1
does not; the d, term in Eq. 3.3 becomes a boundary term (" u”)|y, — (u'u")|y,, and
similarly for Eq. 3.4; and Eq. 3.5 reduces to a single term on the right-hand side:
CRS = ~[@]@|,, - T']1).

Fig. 3.9 shows the seasonal evolution of the dominant terms in the zonal momentum
balance at 200 hPa, along with the zonal wind at this level. In the tropics, the
dominant balance is between nonlinear advection by the MMC (ADVj;¢), Coriolis
force on the MMC (f[Vv]), and the pressure gradient term, consistent with previous
findings for the Asian monsoon sector (Yang et al., 2013). Adding the meridional
component of ADVysyc and the MMC Coriolis term yields a term proportional

to the meridional advection of absolute angular momentum by the MMC: f[v] —
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ﬁ[ﬂay([ﬁ]cose) = ﬁ[?]ay [m], where m is the absolute angular momentum.
Fig. 3.9 shows that advection of absolute angular momentum is very small in the
tropics, compared to the extratropics. Thus it is evident that the SASM overturning

circulation is highly nonlinear and approaches angular momentum conservation.
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Figure 3.9: Dominant terms in the SASM sector mean zonal momentum balance
(10™* m s™2) and zonal wind (m s~!) at 200 hPa. The components of the momentum
balance are: advection by MMC (solid blue), Coriolis MMC (dashed blue), pressure
gradient force (black), eddy-mean flow cross term (green), and EMFC from transient
and stationary eddies (violet). The sum of the MMC advection and Coriolis terms
is shown as DMDY (red): f[v] — L[V]ay([ﬁ]cose) = _—1[5]8y [m].
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The seasonal evolution of upper-level zonal winds and momentum budget displays
a coherent set of changes across both northern and southern hemispheres, extending
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from the tropics to the extratropics, as the monsoon develops. On day -45, when
the ITCZ is in the SH, we see a strong subtropical jet in the NH, centered around
28°N, which is sustained by westerly acceleration from the Coriolis force on the
cross-equatorial NH Hadley cell; in the SH, there is a much weaker and broader
subtropical jet centered around 25-30°S, almost merging with the strong midlatitude
jet centered around 50°S, which is sustained by the PGF, EMFC, and eddy-mean
flow cross terms. From days -30 to O, as the SH Hadley cell becomes cross-
equatorial and expands into the NH, while the NH cell contracts and weakens, the
NH subtropical jet weakens while the SH subtropical jet intensifies and becomes
stronger than the midlatitude jet. By day 30, when mature monsoon conditions are
well established, the equatorial easterlies have strengthened and broadened across
the tropics, consistent with the expansion of the SH cross-equatorial Hadley cell;
the NH westerly jet has migrated north to approximately 38°N and, consistent
with the near disappearance of the NH Hadley cell, it is no longer characteristic
of a subtropical jet, instead being primarily sustained by the PGF; in the SH, the
subtropical jet strongly dominates over the midlatitude jet; and the maximum in SH
EMFC has migrated from the midlatitude baroclinic zone (where it was for days
-45 to -30) to the poleward flank of the subtropical jet, as expected for a strong
subtropical jet regime (Lee and Kim, 2003).

Onset mechanisms

In idealized monsoon studies, Bordoni and Schneider (2008) and Schneider and Bor-
doni (2008) found that at monsoon onset, the tropical circulation transitions from an
equinox regime, in which midlatitude eddies dominate the zonal momentum bud-
get, to a solstice regime, in which the cross-equatorial cell more closely approaches
conservation of angular momentum and responds more directly to thermal driving.
With this framework, they propose two dynamical feedbacks which contribute to
the abruptness in monsoon onset, compared to the more gradual seasonal variation
in solar radiative fluxes. The first feedback involves interactions between midlati-
tude eddies and the MMC: as the ascent latitude of the Hadley circulation migrates
poleward with the seasonal changes in insolation, the cross-equatorial winter cell
expands into the latitudes of upper-level tropical easterlies, where it is shielded from
midlatitude eddies, which break at their critical latitudes near the zero line of the
zonal wind (Randel and Held, 1991). This reduces the contribution of midlatitude
eddies to the zonal momentum budget of the cross-equatorial cell, making it closer to

angular momentum conserving, which strengthens the circulation, and strengthens



44

and broadens the region of tropical easterlies, thereby further shielding the MMC
from midlatitude eddies, in a positive feedback. The second positive feedback arises
from advection of lower MSE air by the lower branch of the cross-equatorial cell,
moving the MSE maximum—and thus the ascending branch of the cell—further
poleward, which also strengthens the cell, and strengthens and broadens the tropical
easterlies. For these feedbacks to render the onset transition rapid, the underlying
surface must have a low enough thermal inertia for the second feedback to operate

efficiently and to allow the circulation to adjust rapidly.

Fig. 3.3 shows that the SASM onset transition is consistent with the first dynami-
cal feedback. Prior to onset day, much of the MMC is in a region of upper-level
westerlies, with the majority of mass transport (indicated by the maximum in stream-
function) occurring in the latitudes of upper-level westerlies. During the onset stage,
the MMC abruptly expands into the region of upper-level easterlies, while the upper-
level easterlies strengthen and expand. By day 15, most of the MMC mass transport
occurs in latitudes of upper-level easterlies, where it is more shielded from the

influence of midlatitude eddies.

To further explore the interactions between eddies and the SASM mean flow, we use
the zonal momentum budget (Equations 3.1-3.5) to decompose the streamfunction
into mean, eddy and pressure gradient components. Fig. 3.10 shows the mean
(MMC) and eddy (transient and stationary EMFC plus eddy-mean flow cross terms)
components along with the total streamfunction for days -30, 0, and 30. Since the
MMC and eddy components are calculated by dividing the zonal momentum terms
by the Coriolis parameter, these components are masked out near the equator where
f — 0. Prior to onset, the mean and eddy components are approximately equal
in magnitude. As the monsoon develops from days 0 to 30, the MMC component
strengthens and expands deep into the NH subtropics, while the eddy component
stays roughly the same and remains in the SH, where it contributes only weakly
to the flow, its influence confined to the descending branch of the Hadley cell.
This behavior is consistent with idealized simulations of the zonal mean circulation,
which show a transition between an equinox regime with eddies strongly contributing
to the Hadley circulation, to a solstice regime where eddies have minimal impact on
the Hadley cell, which approaches angular momentum conservation (Schneider and
Bordoni, 2008).

The SASM onset transition is also consistent with the second dynamical feedback
proposed by Bordoni and Schneider (2008) and Schneider and Bordoni (2008) and
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Figure 3.10: Latitude-pressure contours of SASM sector mean streamfunction
(black, contour interval 5 x 10° kg s71) and the zero line of zonal wind (violet)
on days -30, 0, and 30, showing the total, mean, and eddy components of the
streamfunction.

the role of surface thermal inertia. As a proxy for surface thermal inertia, we
consider the surface type (land vs. ocean) and for ocean regions, the mixed layer
depth, assuming that shallower mixed layers have lower thermal inertia than deeper
mixed layers. Fig. 3.1 shows that during May—the month corresponding to SASM
onset in the climatological mean—surface thermal inertia decreases northward in
the SASM sector, with shallowest mixed layers in the northern Arabian Sea and Bay
of Bengal, consistent with previous studies (Rao et al., 1989), and an increasing
fraction of land in the sector northward from approximately 10°N. The latitude
of maximum 6,,, which gradually migrates northward in the pre-monsoon stage
(Fig. 3.4(e)), reaches 15.5°N at day O; at this latitude, the Indian subcontinent
constitutes a significant fraction of the SASM sector and ocean mixed layers are
very shallow (< 30 m). Thus day O marks the expansion of the SASM circulation
into latitudes with lower surface thermal inertia; we speculate that this allows the
second feedback to operate efficiently and the circulation to adjust rapidly to mature

monsoon conditions within just a few weeks.
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3.5 Discussion and conclusions

In this work, we have analyzed observed seasonal changes in the dynamics and
thermodynamics of the SASM, with the specific goal of evaluating these changes
within the framework of emerging theories of monsoons. We find that monsoon
onset marks a transition in the SASM large-scale dynamics, from an equinox regime
with a pair of tropical overturning cells, to a solstice regime characterized by a
strong cross-equatorial SH cell with ascending branch in the NH subtropics and
negligible NH summer cell. The leading order momentum budget in the SASM
sector after monsoon onset is indicative of highly nonlinear dynamics, with eddies
only playing a minor role in the monsoonal cell. Not surprisingly, many features of
the monsoonal cross-equatorial cell are qualitatively similar to those predicted by
the axisymmetric, angular momentum-conserving theory for tropical circulations
with off-equatorial peak heating (Lindzen and Hou, 1988). These features include
the relative strengthening and weakening of subtropical jets in each hemisphere as
the ITCZ migrates across the equator, the strengthening and broadening of tropical
upper-level easterlies as the monsoon develops, and the symmetrization between the

NH and SH in upper-level temperatures and zonal winds.

The transition in the leading order momentum budget in the SASM, with the non-
linear terms becoming increasingly important at and after monsoon onset, and the
expansion of the SH overturning circulation into latitudes of upper-level easterlies,
are similar to transitions in the tropical overturning circulation seen at monsoon
onset in idealized zonally-symmetric, aquaplanet studies (Bordoni and Schneider,
2008; Schneider and Bordoni, 2008). This suggests that eddy-mean flow feedbacks
identified in those studies may be acting in the SASM sector, and may be involved in
and contribute to the abruptness of the SASM onset. At monsoon onset, ocean mixed
layer depths are shallow under the ascending branch, allowing for rapid adjustments

of the circulation and the ITCZ over the ocean as well as over land.

As the monsoon develops, the maxima in precipitation and upper-level temperatures
closely follow the maximum in 6,5, consistent with quasi-equilibrium convective
dynamics. At monsoon onset, the rapid migration of the sector mean ITCZ and the
likewise rapid broadening and strengthening of the monsoonal overturning cell are
accompanied by an abrupt strengthening and northward migration of the maximum
in 6,,. Importantly, these changes in 6, result from changes in near-surface specific
humidity, rather than changes in near-surface temperature, with the near-surface

meridional temperature gradient actually decreasing at monsoon onset. This is
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inconsistent with the traditional sea-breeze paradigm for the monsoon and confirms
the convectively coupled view of the SASM circulation as an energetically-direct
overturning circulation as more fundamental for the understanding of monsoon

dynamics.

The fact that the observed SASM onset appears in the momentum balance as a tran-
sition from an eddy-dominated regime to an axisymmetric-like angular momentum-
conserving regime suggests that important aspects of its fundamental dynamics,
such as driving mechanisms, can be understood without any zonal asymmetries. In
fact, the circulation changes that occur at monsoon onset over the SASM sector,
and that closely resemble those in the zonal mean circulation, have been reproduced
in aquaplanet studies. These results might seem at odds with the analysis of Shaw
(2014), who shows how growth of stationary-wave fluxes of momentum and en-
ergy dominating over the zonal mean transport is implicated in the observed rapid
transition in the NH zonal mean circulation. In her analysis, however, the seasonal
development of monsoons and associated oceanic anticyclones is by construction
embedded in the stationary fluxes. Here, by performing similar analyses limited to
the SASM sector, we are able to show how the zonally-localized dynamics during
the monsoon season is dominated by sector mean transport, rather than stationary
deviations from the sector mean, suggestive of a nonlinear dynamical regime. The
nonlinear response to the insolation forcing in the SASM sector can drive rapid
circulation changes without an explicit role for stationary eddies and can project

strongly on likewise rapid changes in the zonal mean circulation.

This is of course not to say that zonal asymmetries do not play any role in monsoonal
circulations, which are associated with strong zonal asymmetries both in the forcing
and resulting flows. An outstanding question that deserves further study is to
what extent zonally-symmetric theories can provide insight into the response of
zonally-asymmetric monsoons to radiative perturbations, such as those associated
with increased greenhouse gas concentration. One robust response to warming
is, for instance, increased land-sea thermal contrast (Byrne and O’Gorman, 2013).
Recent modeling and observational work, including this one, indicates that this does
not imply per se increased monsoonal circulation strength, and that other factors,
including local and remote forcing need to be considered in evaluating this response.
While pertaining to the seasonal evolution of the SASM, the results presented in
this paper do suggest that zonally symmetric theories might provide a useful starting

point for such studies.
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Chapter 4

INTERANNUAL VARIABILITY

Walker, J. M., S. Bordoni, and T. Schneider (2015). “Interannual Variability in the
Large-Scale Dynamics of the South Asian Summer Monsoon”. In: J. Clim. 28.9,
pp- 3731-3750. por: 10.1175/3CLI-D-14-00612.1.

Abstract

This study identifies coherent and robust large-scale atmospheric patterns of inter-
annual variability of the South Asian summer monsoon (SASM) in observational
data. A decomposition of the water vapor budget into dynamic and thermodynamic
components shows that interannual variability of SASM net precipitation (P — E) is
primarily caused by variations in winds rather than in moisture. Using linear regres-
sion analyses, we find that strong monsoons are distinguished from weak monsoons
by a northward expansion of the cross-equatorial monsoonal circulation, with in-
creased precipitation in the ascending branch. Interestingly, and in disagreement
with the view of monsoons as large-scale sea-breeze circulations, strong monsoons
are associated with a decreased meridional gradient in the near-surface atmospheric
temperature in the SASM region. Teleconnections exist from the SASM region to
the southern hemisphere, whose midlatitude poleward eddy energy flux correlates
with monsoon strength. Possible implications of these teleconnection patterns for

understanding SASM interannual variability are discussed.

4.1 Introduction

The South Asian summer monsoon (SASM) displays variability on timescales from
intraseasonal, through interannual, to decadal and beyond (e.g., Webster et al., 1998;
Gadgil, 2003; Turner and Annamalai, 2012; Schneider et al., 2014). The standard
deviation of interannual variability of SASM rainfall amounts to approximately
10% of the long-term mean summer rainfall (Gadgil, 2003). This year-to-year
variability of the SASM is sufficient to trigger drought and flood conditions, with

major agricultural, economic, and social impacts (e.g., Gadgil and Kumar, 2006).

Despite having been studied for many decades, the interannual variability of the
SASM remains poorly understood and predicted. Many factors that influence vari-

ations of the SASM precipitation on interannual timescales have been investigated.
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Some studies have focused on the influence of sea surface temperatures (SSTs), par-
ticularly El Nifio and the Southern Oscillation (ENSO; e.g., Pant and Parthasarathy,
1981; Rasmusson and Carpenter, 1982; Meehl, 1987; Webster and Yang, 1992) and
the east-west Indian Ocean Dipole (IOD; e.g., Cherchi and Navarra, 2012). Others
have focused on land processes such as snow cover on the Tibetan plateau and in
Eurasia (e.g., Blanford, 1884; Hahn and Shukla, 1976; Meehl, 1994; Shuen et al.,
1998; Wu and Kirtman, 2003). Of these factors, the strongest association has been
found with ENSO. However, ENSO variations account for less than half of the total
variation in SASM precipitation (Webster et al., 1998), and the relationship appears

to have weakened in recent decades (Kumar et al., 1999; Kumar et al., 2006).

In this study, we investigate the interannual variability of the SASM using obser-
vational data. Although there is considerable regional variability within the SASM
domain, we first address the year-to-year variations of the large-scale monsoonal cir-
culation, rather than local or regional features, and we primarily focus on large-scale
atmospheric budgets such as the moisture, energy, and momentum budgets. Our ap-
proach is motivated by recent advances in the fundamental theoretical understanding

of large-scale monsoonal circulations, such as the SASM.

Traditionally, the SASM has been viewed as a large-scale sea-breeze circulation,
driven by surface temperature contrasts and their associated atmospheric pressure
gradients between the Asian continent to the north and the Indian ocean to the south
(e.g., Webster and Fasullo, 2003). The sea-breeze paradigm has been extended
to include the effects of elevated diabatic heating from moist convection (e.g.,
Webster et al., 1998) and the Tibetan plateau (e.g., Li and Yanai, 1996), consistent
with recent observational studies that have shown that interannual variability of
the SASM circulation is more strongly correlated with upper-tropospheric thermal
contrasts than lower-tropospheric thermal contrasts (Dai et al., 2013; Sun et al.,
2010). Whether the emphasis is on surface thermal contrasts or upper-tropospheric
thermal contrasts, however, these studies take the surface inhomogeneities between
land and ocean as an essential mechanism driving the SASM circulation; they view
the meridional temperature gradient as a driver of monsoon circulations that can,
to some extent, be considered as controlled by factors external to the monsoon

circulations.

In recent years, an alternative theoretical framework has emerged, which views the
SASM as the regional manifestation of the seasonal migration of the intertropical
convergence zone (ITCZ) (e.g., Chao, 2000; Chao and Chen, 2001; Gadgil, 2003).
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The monsoonal convergence is the root of the ascending branch of a thermally-direct
monsoonal overturning circulation, which shapes meridional temperature gradients
and approaches conservation of angular momentum in its upper branch (e.g., Privé
and Plumb, 2007; Schneider and Bordoni, 2008; Bordoni and Schneider, 2008).
In support of this view, modeling studies have shown that monsoonal circulations
can exist even on aquaplanets without any land-ocean thermal contrasts (Privé and
Plumb, 2007; Bordoni and Schneider, 2008), provided that the lower boundary has
a small enough thermal inertia to allow for the ITCZ to migrate poleward into the
subtropics. In this framework, the meridional temperature gradient (e.g, Li and
Yanai, 1996) and convective heating (e.g., Gill, 1980) are viewed as being primarily
controlled by the monsoon circulation, forming the atmosphere’s response to the
seasonal variation of insolation. Consistent with quasi-equilibrium (QE) theories of
moist convection (e.g., Emanuel et al., 1994), latent heat release is posited to relax
the atmosphere to a convectively neutral stratification, rather than to act as a driver
for the monsoonal circulation (e.g., Privé and Plumb, 2007). Observational studies
have confirmed that the free-tropospheric temperature in the ascending branch of
the SASM circulation is coupled to the sub-cloud equivalent potential temperature,
a finding consistent with the assumption of convective quasi-equilibrium (Nie et al.,
2010; Hurley and Boos, 2013).

To the extent that monsoonal circulations form an essential part of the seasonal
Hadley circulation, analyses of large-scale budgets zonally averaged over wide
longitude sectors can prove useful in investigating how SASM interannual variability
arises. For instance, Schneider and Bordoni (2008) and Bordoni and Schneider
(2008) suggest that the onset of the SASM might be interpreted as a shift of the
dominant balance in the upper-tropospheric zonal momentum budget, from a budget
dominated by eddy momentum fluxes to one dominated by momentum transport by
the cross-equatorial Hadley cell. Other studies have analyzed how extratropical
thermal forcings, such as changes in glaciation or in the strength of the Atlantic
meridional overturning circulation, can influence the location of the zonally and
annually averaged ITCZ, through shifts toward a differentially warming hemisphere
(e.g., Chiang and Bitz, 2005; Kang et al., 2008; Chiang and Friedman, 2012;
Bischoff and Schneider, 2014). These studies have emphasized the role of the
cross-equatorial energy transport and the atmospheric energy budget in controlling
the position of the tropical precipitation, through mechanisms that might also be
relevant to the SASM (Schneider et al., 2014)
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Here we investigate SASM interannual variability observationally, beginning by
developing a new index for the SASM strength that links monsoon precipitation
to the large-scale circulation more directly than existing indices. We examine
correlations between the SASM strength and large-scale dynamics both within the
monsoon region and globally, to explore possible local and non-local influences
on the monsoon. Using reanalysis and precipitation data, we seek to answer the

following questions:

1. Is the interannual variability in SASM precipitation dominated by changes in

the circulation or by changes in atmospheric moisture?

2. What large-scale dynamic and thermodynamic patterns are associated with

strong and weak monsoon years?

3. Are there connections between extratropical eddy activity and SASM inter-

annual variability?

To address question (1), we decompose the atmospheric moisture budget of the
SASM into dynamic and thermodynamic components, and we use linear regression
analyses to address questions (2) and (3). Section 2 describes the data sources and
methods used in our analysis. In Section 3, we examine the atmospheric moisture
budget of the SASM and introduce the new monsoon index. In Section 4, we
evaluate dynamic and thermodynamic patterns associated with strong and weak
monsoon years. In Section 5, we explore teleconnections between the SASM and
the extratropics, especially in the southern hemisphere. In Section 6, we discuss the
possible influence of ENSO and IOD on the results presented in Sections 4 and 5.

We summarize our findings and provide concluding remarks in Section 7.

4.2 Data and methods

Winds, atmospheric temperature, and specific humidity for the years 1979 — 2011
are used from the 6-hourly data of the European Centre for Medium-Range Weather
Forecasts (ECMWF) ERA-Interim Reanalysis (Dee et al., 2011), on 60 vertical
levels on terrain-following coordinates up to 0.1 hPa and with T255 horizontal
resolution (grid resolution approximately 0.7° x 0.7°). Precipitation data are from
the Global Precipitation Climatology Project (GPCP; Adler et al., 2003) Version
2.2, a set of gridded monthly precipitation estimates based on satellite and rain

gauge data, at 2.5° x 2.5° horizontal resolution. To determine which findings
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are robust across datasets, we compare our results with the following additional
reanalysis products: National Center for Environmental Prediction/National Center
for Atmospheric Research (NCEP/NCAR) Reanalysis (NCEP1; Kalnay etal., 1996),
National Center for Environmental Prediction/Department of Energy (NCEP/DOE)
Reanalysis 2 (NCEP2; Kanamitsu et al., 2002), ECMWF ERA-40 Reanalysis
(ERA40; Uppala et al., 2005), and the Twentieth Century Reanalysis Project
Version 2 from the National Oceanic and Atmospheric Administration (NOAA)
and the University of Colorado Cooperative Institute for Research in Environmental
Sciences (CIRES) at the University of Colorado (20CENTURY; Compo et al.,
2011). The findings presented here are robust across all of these reanalysis products

except where otherwise noted.

To examine the interannual variations of the SASM, we focus on the warm season
months from June to September (JJAS), and we introduce a novel yearly monsoon
index based on the large-scale moisture budget. The methodology used to develop
this monsoon index is described in detail in Section 3; in essence, our index is
based on ERA-Interim JJAS averaged moisture flux convergence over a region
representative of the large-scale SASM circulation (60-100°E, 10-30°N). This region
is similar to SASM regions used in previous studies (Goswami et al., 1999; Wang
and Fan, 1999; Hurley and Boos, 2013); it was chosen to include the climatological
precipitation maxima over India and the Bay of Bengal. The results shown here
are robust to different choices of averaging regions, as long as the averaging region
does not extend in longitude too far east into Southeast Asia, where the interannual
precipitation variability is anti-correlated with that of the Indian monsoon, as will

be discussed in Section 4.

Large-scale dynamics and precipitation patterns associated with strong and weak
South Asian summer monsoons are investigated by performing linear regression
analyses using the monsoon strength index, normalized by its standard deviation, and
the atmospheric and precipitation fields from ERA-Interim and GPCP, respectively.
For each data field considered (e.g., wind, temperature, precipitation), the linear
regression is calculated at each data point by regressing the 1979-2011 timeseries of
yearly JJAS averaged values of the data field at that point, against the monsoon index.
Focus is on the interannual variability; the long-term linear trend from 1979-2011 is
removed from the monsoon index and from the data fields in the regression analysis.
However, in Appendix A we provide a brief discussion of trends inferred from the

ERA-Interim and other reanalysis products, and compare those with trends recently
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highlighted in the literature (e.g., Bollasina et al., 2011; Zuo et al., 2013).

Statistical significance of the correlation coeflicient at each point is computed by
a Student’s t-test, and correlations that are statistically significant at the 5% level
are highlighted. Composite analysis of the five strongest and five weakest monsoon

years shows similar results to the linear regression analysis.

Given that interannual variability in SSTs of surrounding ocean basins has been
shown to influence the SASM interannual variability in many previous studies, we
also explore if and to what extent patterns exposed here are associated with ENSO
and IOD variability.

As an ENSO index, we use the June-August (JJA) average Nifio 3.4 index (Trenberth,
1997a) from NOAA. Anomalous ENSO signals tend to be maximal during the
boreal winter months December-February (DJF); the JJA average value of Nifio
3.4 is strongly correlated with its average value in the following DJF, and thus the
JJA Nifio 3.4 represents El Nifio/La Nifia conditions that are developing during the

summer monsoon season and the following winter.

The IOD is a measure of the SST gradient between the western equatorial In-
dian Ocean and the south-eastern equatorial Indian Ocean (Saji et al., 1999).
As an index for the 10D, we use the JJA average Dipole Mode Index (DMI)
derived from the Hadley Centre Sea Ice and Sea Surface Temperature data set
(HadISST), provided by the Japan Agency for Marine-Earth Science and Technology
(http://www.jamstec.go.jp/frsgc/research/d1/iod/e/iod/dipole_mode_index.html).

Transient eddy fields are computed for each month of each year by subtracting the
monthly mean field from that year and by taking an average, weighted by the number
of days per month, of the monthly eddy fields for the seasonal average. Horizontal
eddy momentum flux divergence is computed as V - (#/w’ cos ¢), where u = (u, v) is

the horizontal velocity field, ¢ latitude, and primes denote transient eddy fields.

4.3 Atmospheric moisture budget

Dynamic and thermodynamic components of interannual variability

In a long-term mean, when changes in atmospheric moisture content can be ne-
glected, the vertically integrated moisture budget relates the net precipitation (P —E)

to the convergence of the water vapor flux, that is

_ Ps d
P—E:MFC:—/ v, @q)~L @.1)
0 8
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where MFC is the vertically integrated horizontal moisture flux convergence, V, - ()
the horizontal divergence in pressure coordinates, u = (u, v) the horizontal wind
vector, g the specific humidity, P the precipitation rate, and E the evaporation rate

(Peixoto and Oort, 1992). Overbars denote the time mean, in our case over a season.

We study the large-scale SASM moisture budget by averaging the vertically inte-
grated horizontal moisture flux convergence from Eq. (4.1) over the region 60-100°E,
10-30°N, shown in Fig. 4.3, using the ERA-Interim winds and specific humidity
averaged over JJAS of each year. This formulation allows us to decompose the
monsoon net precipitation into dynamic and thermodynamic components, similar
to decompositions performed in previous studies for the zonally averaged circulation
(e.g., Held and Soden, 2006), for the response of monsoons to orbital precession
(Clement et al., 2004; Merlis et al., 2013), and for the response of monsoons to
anthropogenic forcings (Hsu et al., 2013). Specifically, we decompose the yearly
JJAS horizontal moisture fluxes ug according to Eq. (4.2),

6(ug)=udg+gou+odudq 4.2)

where ¢ represents the year-to-year deviation from the climatological mean. In
Eq. (4.2), the first term on the right hand side represents the thermodynamic compo-
nent, in which the winds are fixed at their climatological value, and the atmospheric
moisture varies from year to year; the second term represents the dynamic compo-
nent, in which the atmospheric moisture is fixed at its climatological value, and the
winds vary from year to year; and the third term is the quadratic term, which we

found to be negligible in the SASM moisture budget.

Fig. 4.1 shows that the interannual variability in SASM net precipitation in ERA-
Interim is dominated by the dynamic component, which accounts for 92% of the
interannual variability, while the thermodynamic component accounts for only 8%.
Decomposition of the dynamic term into zonal and meridional components shows
that both components contribute significantly to the total variability; the zonal com-
ponent dominates slightly, with correlation coefficients of 0.62 and 0.38 between
the dynamic term of MFC and its zonal and meridional components, respectively.
The dominance of the dynamic term is robust across all reanalysis datasets, with the
year-to-year variations in SASM net precipitation strongly dominated by variations
in the monsoon winds and circulation, rather than variations in atmospheric mois-

ture. This emphasizes the importance of understanding interannual patterns in the
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Figure 4.1: Interannual variability of the SASM strength, based on the ERA-Interim
atmospheric moisture budget, showing the dynamic component, thermodynamic
component, and total variability (mm day~).

SASM large-scale circulation to understand the interannual variability of the SASM

precipitation.

Large-scale monsoon index

The choice of an index to characterize the interannual variability of the SASM has
been studied extensively in recent decades. There is no consensus on a single index
as the best measure of SASM strength, and many different approaches have been

used.

The All India Rainfall (AIR) index is an area-weighted average of rainfall measured
atrain-gauge stations distributed over India (Parthasarathy et al., 1992; Parthasarathy
et al., 1995). It has been used by the Indian Meteorological Department in many
studies of SASM interannual variability and prediction (e.g., Shukla and Mooley,
1987; Yasunari, 1991; Meehl, 1987). While a particularly relevant monsoon index
from a socio-economic perspective, the AIR may not fully represent the large-scale
monsoonal circulation, since it is limited to the Indian subcontinent and does not
include neighboring land and ocean areas with significant monsoon precipitation
(cf. Goswami et al., 1999).

Webster and Yang (1992) introduced a dynamically based monsoon index, in which
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the large-scale monsoonal circulation is interpreted as a Rossby-wave response to
mid-tropospheric latent heat released by monsoon convection over South Asia. The
dynamic response is dominated by the lowest baroclinic mode and exhibits vertical
wind shear related to the strength of the heat source, and thus to the monsoon
precipitation (Webster, 1972; Gill, 1980). Webster and Yang (1992) defined their
monsoon index (hereafter WYI) as the zonal wind shear between 850 and 200
hPa, U850-U200, averaged over the region 40-110°E, 0-20°N. Through thermal
wind balance, WYT is linked to the zonal wind shear to the meridional temperature
gradient and hence to the land-sea thermal contrast. This index, by construction,
captures well the SASM in terms of the zonal wind shear; it also captures the
strength of the low-level westerly jet and upper-level easterly jet in the NCEP/NCAR
reanalysis (Wang and Fan, 1999).

However, the weak correlation between the WYI and the AIR (Webster and Yang,
1992), as well as significant influences of Western Pacific convective activity on
the WYT (Ailikun and Yasunari, 1998; Wang and Fan, 1999), have motivated the
introduction of other dynamically based indices to represent the SASM. Other wind
shear-based indices include the westerly shear averaged over a different region (Wang
and Fan, 1999), and the shear in meridional velocity (Goswami et al., 1999); these

indices have been shown to correlate well with each other and with the WYI and
AlIR.

In the previous section, we showed that the vertically integrated moisture flux
convergence averaged over the region 60-100°E, 10-30°N, an index which we shall
denote as MFC, is by construction related to the SASM net precipitation. Fig. 4.2
shows MFC along with ERA-Interim and GPCP precipitation averaged over the
same geographic region, and along with the AIR index from the Indian Institute
of Tropical Meteorology. MFC is highly correlated with these other measures of
SASM precipitation, with correlation coefficients of 0.87, 0.75 and 0.80 between the
detrended MFC and the detrended ERA-Interim precipitation, GPCP precipitation,
and AIR, respectively. The correlation between the detrended MFC and WYT is
weak (0.22) and not statistically significant at the 5% level, consistent with the weak
correlation between WYI and AIR (Webster and Yang, 1992).

Since the interannual variability in MFC is dominated by the dynamic component,
MEC is a measure of both net precipitation intensity and of the strength of the
large-scale SASM circulation. Therefore, we select MFC as an index for the SASM

strength because it accounts for most of the interannual variability in both the
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Figure 4.2: Timeseries of the MFC index, based on ERA-Interim atmospheric
moisture budget, along with precipitation from ERA-Interim and GPCP averaged
over the same region (60-100°E, 10-30°N), and the AIR index. Each timeseries
is based on JJAS averages, and is shown as the standardized anomaly from the
climatological mean.

precipitation and circulation of the SASM. Additionally, it is more robust than
precipitation data alone because the moisture flux convergence is controlled by
large-scale processes which are better constrained by data. Unlike other dynamical
indices which are based on wind shear, under the assumption that temperature
gradients are driving the monsoon circulation, MFC is a dynamical index that does

not require any such assumptions about the driving mechanisms of the SASM.

On top of the strong interannual variability, the MFC index in Fig. 4.2 shows a
slight increasing trend. This is in disagreement with trends in Indian precipitation
highlighted by other studies (e.g., Ramanathan et al., 2005; Bollasina et al., 2011)

and, as discussed in Appendix A, is not robust across all datasets.

4.4 Large-scale patterns of monsoon variability

Precipitation and meridional overturning circulation

The MFC index of SASM interannual variability allows us to investigate large-scale
dynamic and thermodynamic patterns associated with strong (weak) monsoon years.
Fig. 4.3 shows the climatology of GPCP precipitation over the SASM domain (a) and
the local regression coefficients of the precipitation field onto the MFC index (b). A
similar analysis using ERA-Interim data shows that the contribution of evaporation
is negligible (not shown), so that the variability in total precipitation associated with

strong (weak) monsoons is approximately equal to the variability in net precipitation.
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Over India and much of South Asia, there is a strong positive correlation between
the measured precipitation and the MFC index. Over the eastern Bay of Bengal,
which is a center of maximum SASM precipitation in the climatological mean,
the interannual variability of precipitation is negatively correlated with the MFC
index; precipitation over this region is lower during a strong SASM. This zonal
asymmetry is robust across multiple precipitation datasets and different monsoon
indices (not shown), and is consistent with Wang et al. (2001), who show that the
two precipitation maxima over India and over the eastern Bay of Bengal have distinct

interannual variations.
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Figure 4.3: JJAS precipitation (mm day~!) from GPCP, showing (a) 1979-2011
climatology, and (b) regression coeflicients from linear regression of JJAS precip-
itation for each year against the standardized MFC index. Gray stippling shows
regions where the regression coeflicient is significant at the 5% level. The green
rectangle shows the averaging region for the monsoon strength index.

East of the SASM region, over the tropical Pacific Ocean, the regression analysis
shows a strong negative correlation between precipitation and SASM strength north
of the equator, and a strong positive correlation south of the equator (Fig. 4.3),
indicating a southward shift of the ITCZ over the western tropical Pacific. While
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Figure 4.4: Climatology (a-c) and regression coefficients onto MFC index (d-f) of
JJAS ERA-Interim SASM sector mean streamfunction, vertical pressure velocity,
and meridional velocity. Black contours are positive while violet contours are
negative; zero contours are omitted. Gray shading in d-f shows regions where the
regression coefficient is significant at the 5% level. Black shading shows the sector
mean topography. Contour intervals are: (a) 5x10° kg s71, (0) 0.02Pas™!, (c)2m
s71, (d) 0.5x10% kg s7!, (e) 0.002 Pas™", (f) 0.1 m s~

evident in ERA-Interim and partly explained by ENSO variability, this feature does

not appear to be robust across all reanalysis datasets.

Fig. 4.4a-c shows the ERA-Interim JJAS climatology of the SASM meridional over-
turning circulation, as measured by the 60-100°E sector mean (hereafter denoted
as the SASM sector) Eulerian mass streamfunction (Fig. 4.4a), vertical pressure
velocity (Fig. 4.4b), and meridional velocity (Fig. 4.4c). The climatological fields
of meridional and vertical pressure velocity show northward flow from the south-
ern hemisphere to the northern hemisphere in the lower troposphere, ascent in the
northern hemisphere tropics and subtropics, southward cross-equatorial flow in the

upper troposphere, and subsidence in the southern hemisphere tropics and subtrop-
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ics. Together these winds form a thermally direct circulation that has the character
of a broad, cross-equatorial Hadley cell, consistent with previous descriptions of
the SASM (e.g., Trenberth et al., 2005; Webster et al., 1998). This circulation
is illustrated in the climatological Eulerian mass streamfunction in Fig. 4.4a, with
maximum streamfunction, and hence maximum meridional mass transport, near
the equator. Within the SASM sector, the dominant mass balance is between the
meridional and vertical fluxes, as expected, with zonal fluxes into or out of the sector
contributing less than 30% of the mass budget. The maximum SASM precipitation
is located in the latitudes of the ascending branch of this circulation (Figs. 4.3, 4.6),

where the ascending motion maximizes.
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Figure 4.5: Streamfunctions representing “Strong" (blue) and “Weak" (red) mon-
soonal circulations, defined as those associated with a +2 standard deviation excur-
sion of the MFC index. Positive contours are solid, negative contours are dashed,
and zero contours are omitted. Contour interval is 5x10° kg s~!.

Linear regression of the streamfunction, vertical pressure velocity and meridional
velocity onto the monsoon index (Fig. 4.4d-f) shows that strong monsoons are as-
sociated with a change in the structure of the meridional circulation, with increased
ascent farther north and a correspondingly northward extended circulation. To
further highlight differences in the SASM overturning circulation between strong
and weak monsoon years, in Fig. 4.5, we show “Strong" (“Weak") streamfunctions
defined as the climatological streamfunction plus (minus) the regression coeflicient
times 2 standard deviations of MFC. The northward expansion of the strong monsoon
circulation compared to the weak monsoon is evident, with a statistically significant
positive correlation coefficient of 0.46 between the latitude of maximum stream-

function and the MFC index; this corresponds to a northward shift of approximately
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1.38° in the latitude of maximum streamfunction per standard deviation of the MFC
index (i.e., a 5.5° shift between the +2 standard deviations for strong/weak monsoons
in Fig. 4.5). Similarly, there is a statistically significant increase in streamfunction

values in the ascending branch of the circulation (Fig. 4.4d).

Using GPCP precipitation data to define “Strong" (“Weak") precipitation profiles as
defined for the streamfunction, we see in Fig. 4.6 that in the SASM sector, strong
monsoons are associated with a strengthening of the precipitation and a northward
shift of approximately 5° in the latitude of maximum precipitation. Note that
this result is not robust across all datasets, so it remains uncertain whether strong
monsoons are indeed associated with a northward shift of the local ITCZ within
the SASM sector. However, the northward shift in the meridional overturning

circulation is robust.
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Figure 4.6: SASM sector GPCP JJAS precipitation profiles (mm day ") for “Strong"
(blue) and “Weak" (red) monsoons.

Zonal winds

Fig. 4.7 shows the climatology of ERA-Interim zonal winds at 850 hPa and 200
hPa, while Fig. 4.8 shows the SASM sector mean zonal winds. The main features
of the monsoonal circulation are evident in the climatology, with an upper-level
easterly jet in the tropics, a poleward displaced upper-level westerly jet, and lower-
level westerly flow in the northern tropics over the Arabian Sea, Bay of Bengal, and
Indian sub-continent. These features are also evident in a zonal average over the
SASM sector (Fig. 4.8), which additionally reveals two distinct upper-level westerly

jets in the southern hemisphere, with the subtropical jet centered near 30°S and the
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midlatitude jet centered near 45°S.
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Figure 4.7: Climatology (a-b) and regression coefficient onto MFC index (c-d) of
JJAS ERA-Interim zonal wind (m s~!) at 200 hPa and 850 hPa. Gray stippling
shows the regions where the regression coeflicient is significant at the 5% level. The
green rectangle shows the averaging region for the MFC index.

Linear regression onto the MFC index shows that strong monsoons are associated
with a strengthened upper-level easterly jet in the tropics, enhanced lower-level
westerly flow over the Arabian Sea, decreased lower-level westerly flow over the
eastern Bay of Bengal, and increased lower-level easterly trade winds throughout
the tropical Pacific Ocean (Fig. 4.7), consistent with previous findings (Webster and
Yang, 1992; Wang and Fan, 1999). The zonally asymmetric lower-level zonal wind
anomalies over the SASM region are consistent with the precipitation anomalies
shown in Fig. 4.3b, with weakened zonal winds and weakened convergence over the

eastern Bay of Bengal, corresponding to weakened precipitation in strong monsoons.

Figs. 4.7 and 4.8 also show correlations between the MFC index and the zonal winds
in the extratropics, with significant correlations in the southern hemisphere; these

will be explored further in Section 5.



63

EMFD & Zonal Wind — Climatology

0 I 500
200 B
4250
o)
£ 400 N
[0)
5 10
@
© 600 L
g A
-250
800 m L
\
1000 T - -500
b EMFD & Zonal Wind - Regression
== X e . - P I50
200 B
425
3 d
E 400}
Y I
5 1 10
@ 1
© 6001
& 1
-25
800
1000 -50

Latitude

Figure 4.8: Climatology (a) and regression coefficient onto MFC index (b) of JJAS
ERA-Interim SASM sector EMFD (colors, m s™2) and zonal wind (contours, m
s~1). Positive contours are in black, negative contours in violet, and zero contours
in heavy black. Gray stippling shows the regions where the EMFD regression
coeflicient is significant at the 5% level. Black shading shows the sector mean
topography. Contour levels of zonal wind are: (a) Sms~! and (b) 0.25 ms~!.

Atmospheric temperature

In addition to the meridional overturning circulation and zonal winds, we look at
atmospheric temperatures, particularly their meridional gradient, to seek patterns in
upper- and lower-level temperatures associated with strong (weak) monsoons and
to investigate the land-sea thermal contrast in the context of interannual variability.
If the monsoon is largely driven by the land-sea thermal contrast, then we might

expect that stronger monsoons would be accompanied by an increased near-surface
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thermal contrast, with higher than average temperatures over India and/or lower than
average temperatures over the Indian Ocean. However, as far back as 1921, it was
observed that average temperature in India is higher in summers with low monsoon

rainfall than in summers with high monsoon rainfall (Simpson, 1921).
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Figure 4.9: Climatology (a-b) and regression coefficient onto MFC index (c-d) of
JJAS ERA-Interim atmospheric temperature (K) at 200 hPa and 850 hPa. Gray
stippling shows the regions where the regression coeflicient is significant at the 5%
level. The green rectangle shows the averaging region for the MFC index.

Fig. 4.9 shows the climatology of ERA-Interim atmospheric temperatures at 850
hPa and 200 hPa. We see the reversal of the meridional temperature gradient at both
levels, with temperature increasing poleward, and a strong maximum in upper-level
temperature west of the Tibetan Plateau, consistent with previous studies (Molnar
etal., 2010). Linear regression onto the monsoon index shows that strong monsoons
are associated with an increased meridional gradient in upper-tropospheric temper-
ature in the monsoon region (Fig. 4.9¢) (Li and Yanai, 1996; Sun et al., 2010; Hurley
and Boos, 2013; Dai et al., 2013). We also see that strong monsoons are associated
with positive anomalies in upper-level atmospheric temperature in the subtropics

and extratropics of both hemispheres (Fig. 4.9¢), consistent with a previous study
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(Hurley and Boos, 2013). This symmetric pattern can be partially understood
through axisymmetric theories of the circulation induced by off-equatorial heat-
ing (Lindzen and Hou, 1988), which argue that for angular momentum conserving
cross-equatorial circulations, free-tropospheric temperatures are symmetric about
the equator, with an equatorial minimum and subtropical maxima in each hemi-
sphere. For a circulation with ascending branch farther poleward, the subtropical
maxima likewise shift poleward, along with the equatorial minimum becoming more
pronounced. While similar changes are seen in subtropical temperatures (Fig. 4.9¢),

a deepening of the equatorial temperature minimum is not evident.
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Figure 4.10: SASM sector lower-tropospheric temperature (K) in MAM (dashed)
and JJAS (solid) for “Strong" (blue) and “Weak" (red) monsoons, using ERA-Interim
temperatures at 850 hPa.

Fig. 4.9 shows that strong monsoons are correlated with negative anomalies in
near-surface temperature over India and a reduced meridional gradient in near-
surface temperature between India and the ocean to the south. When the 850 hPa
atmospheric temperature is averaged over land only (7},,4) and over ocean only
(Tycean) over the region from 60-100°E, 10°S-30°N, we find that the near-surface
land-ocean thermal contrast dT° = Tj4nq — Tyocean 1S negatively correlated with the
monsoon strength index, with a statistically significant correlation coefficient of
—-0.46.

These results are consistent with a similar linear regression involving sub-cloud
atmospheric temperatures in a previous study (Hurley and Boos, 2013), but they
are inconsistent with other studies (Sun et al., 2010; Dai et al., 2013), which found

a positive correlation between monsoon strength and lower-tropospheric thermal
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contrast (although this correlation was much weaker than the correlation with upper-
level thermal contrast). A possible reason for this discrepancy is the choice of
monsoon index. Sun et al. (2010) and Dai et al. (2013) use the shear-based Webster-
Yang index for monsoon strength, which by construction is more strongly correlated
with the meridional temperature gradient; however, it correlates less strongly with

measures of monsoon precipitation and circulation strength.

One might posit that the near-surface thermal contrast could be higher than average
in the spring and early stages of a strong summer monsoon, driving a stronger
circulation. Once the monsoon has matured, the increased rainfall and soil moisture
cool the lower troposphere over the Indian sub-continent, resulting in a negative
correlation in the overall JJAS average. To investigate this possibility, we regressed
the preceding spring March-May (MAM) averaged atmospheric temperatures onto
the JJAS summer monsoon index and found that a reduced meridional gradient in
near-surface temperature is also present in the spring preceding a strong monsoon, as
illustrated in the “Strong" and “Weak" temperature profiles in Fig. 4.10. Comparing
all reanalysis datasets, we do not find any robust indication of an increased near-
surface thermal contrast in the spring preceding a strong monsoon, whereas we
do find a robust decreased near-surface thermal contrast during the JJAS monsoon
season. These results suggest that the near-surface temperature gradient should
not be considered as an external forcing for the monsoon, but is itself a response
to the atmospheric circulation, with stronger monsoonal circulations and increased

monsoon rainfall smoothing the thermal gradient.

The regression of near-surface atmospheric temperatures onto the MFC index also
shows statistically significant correlations in the southern-hemisphere extratropics,
with strong monsoons correlated with a negative anomaly in near-surface temper-
ature from approximately 30°S to 50°S, throughout the SASM longitudes and to
the west (Fig. 4.9). The center of the cooling anomaly and the boundary between
cooling and warming anomalies vary in longitude between reanalysis datasets, with
these features shifted west in some datasets compared to ERA-Interim; however,
the presence of a cooling anomaly over the extratropical southern Indian Ocean is
a robust feature across all reanalysis products. This teleconnection pattern will be

explored further in Section 5.

To investigate the possible role of convective quasi-equilibrium in the SASM cir-
culation, we also looked at sub-cloud equivalent potential temperatures (6,5) in the

five reanalysis datasets (not shown). Consistent with quasi-equilibrium and previ-
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ous observational studies (Nie et al., 2010; Hurley and Boos, 2013), we find that
the latitude of maximum 6., coincides with the latitude of maximum upper-level
temperature in the climatology. Performing a linear regression analysis of 6., onto
the MFC index, we find that strong monsoons are associated with an increased
meridional gradient in JJAS sub-cloud equivalent potential temperature (6,5) across
the SASM region, while the latitude of maximum 6., is the same for strong and

weak monsoons, consistent with previous findings (Hurley and Boos, 2013).

4.5 Teleconnections with southern hemisphere extratropics

The northward shift of the monsoonal circulation during strong monsoon years
(Fig. 4.4), along with the lower near-surface air temperature over the extratropical
southern Indian Ocean (Fig. 4.9), is suggestive of a possible link between the mon-
soonal circulation and extratropical southern hemisphere thermal forcing. Recent
model studies (e.g., Chiang and Bitz, 2005; Broccoli et al., 2006; Kang et al., 2008;
Chiang and Friedman, 2012; Frierson and Hwang, 2012; Bischoff and Schneider,
2014; Schneider et al., 2014) have shown that thermal forcing in the extratropics
can induce a shift in the zonally-averaged ITCZ toward a differentially warming
hemisphere: The extratropical thermal forcing is communicated by anomalous mid-
latitude eddy energy export out of the tropics, and the Hadley circulation responds
with an anomalous cross-equatorial component. The anomalous Hadley circulation
causes an energy transport away, and a moisture transport toward, the differentially
heated hemisphere. The findings that strong monsoons years are associated with
both a poleward shift of the circulation’s ascending branch (Fig. 4.4) and anoma-
lous cooling in the southern hemisphere midlatitudes (Fig. 4.9) suggest that similar

mechanisms may be operating within the SASM sector on interannual time scales.

To investigate this further, we perform linear regression analysis of the mass-
weighted vertically integrated transient eddy fluxes of moist static energy (MSE)
against the MFC index. We find that strong monsoons are associated with negative
anomalies in MSE eddy fluxes, dominated by dry static energy fluxes, in a wide band
from approximately 30-45°S (Fig. 4.11). Although this feature is only statistically
significant in a narrow range of longitudes according to the point-wise t-test we use,
it is spatially correlated across a broad longitude band, suggesting it is dynamically
significant. It is also robust across all reanalysis datasets except NCEP2. This sug-
gests that within the SASM sector during strong monsoons, extratropical cooling
and increased poleward eddy energy flux in the southern hemisphere might play a

role in the northward shift of the monsoon circulation, in analogy to the response
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of the zonally-averaged precipitation to extratropical forcing. Lending further ev-
idence to this hypothesis, we find that an increase of one standard deviation in
MEC is associated with a statistically significant anomalous cross-equatorial MSE
transport (primarily by the mean meridional overturning circulation) of —1.7 PW
across the SASM sector; that is, the northward shift of the SASM circulation and
anomalous cooling in the southern hemisphere extratropics during a strong mon-
soon are accompanied by anomalous southward cross-equatorial energy transport
toward the differentially cooler hemisphere.! Of course, these correlations alone
are not sufficient to establish causality, and future modeling work will be needed to

determine the mechanisms involved and the direction of causality.
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Figure 4.11: Climatology (a) and regression coefficient onto monsoon index (b) of
JJAS ERA-Interim vertically integrated MSE transient eddy fluxes (kW M~!). Gray
stippling shows the regions where the regression coeflicient is significant at the 5%
level. The green rectangle shows the averaging region for the MFC index.

The southern hemisphere cooling associated with strong SASM is also consistent

'We find a similar result when using the energy fluxes from ERA-Interim derived com-
ponents provided by NCAR (https://climatedataguide.ucar.edu/climate-data/era-interim-derived-
components), in which the mass budget is balanced with a barotropic wind correction (Trenberth,
1997b).
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with findings by Wang et al. (2013) for the global monsoon, who found that there
is a significant positive correlation between the strength of the northern hemisphere
summer monsoon and the thermal contrast between the northern and southern

hemispheres.

Since the eddy dry static energy fluxes comprise the vertical component of the
Eliassen-Palm (EP) flux, our findings suggest that variations in southern hemi-
sphere wave activity are associated with monsoon variations. To further explore this
teleconnection, we look at the eddy momentum fluxes, which represent the merid-
ional component of the EP flux. We perform linear regression analysis of the SASM
sector average eddy momentum flux divergence (EMFD) and zonal winds onto the
MEFC index. Fig. 4.8a shows the JJAS climatology of the monsoon sector zonal
winds and transient EMFD. In the southern hemisphere, we see a region of mo-
mentum divergence in the upper troposphere extending approximately from 15°S to
30°S, within the subtropical westerly jet centered near 30°S, a region of momentum
convergence in the upper troposphere extending approximately 30 — 60°S, within
the region of maximum baroclinicity, and a midlatitude jet centered near 45°S. The
zero contour of the zonal wind closely follows the edge of the region of EMFD,
indicating that large-scale extratropical eddies do not propagate past their critical
latitudes (Randel and Held, 1991).

The linear regression of EMFD and zonal wind onto the MFC index reveals corre-
lations in the southern hemisphere extratropics that are robust across datasets. Both
regression fields display a dipole pattern, in which strong monsoons are associ-
ated with positive (negative) anomalies in zonal wind (EMFD) from approximately
20 —45°S and negative (positive) anomalies in zonal wind (EMFD) from approxi-
mately 45 — 70°S (Fig. 4.8). Fig. 4.12 shows strong and weak monsoon composites
(as defined in the previous section) of zonal wind and EMFD in the southern hemi-
sphere. We can see that in strong monsoon years relative to weak monsoon years: 1)
the midlatitude jet weakens and shifts approximately 3° equatorward (from approx-
imately 49°S to 46°S); 2) the subtropical jet strengthens and shifts approximately
2° poleward (from approximately 29°S to 31°S); 3) the separation between the
subtropical and midlatitude jets is reduced from approximately 20° to 15°; and
4) the region of eddy momentum flux convergence strengthens and its maximum
shifts approximately 15° equatorward (from approximately 54°S to 39°S). These
features suggest an equatorward shift of the midlatitude jet, which comes closer to

merging with the subtropical jet. This is consistent with the enhanced near-surface
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meridional temperature gradient between the southern hemisphere subtropics and
midlatitudes (Fig. 4.9d), implying stronger upper-level westerlies between 20-45°S,
by thermal wind balance (Fig. 4.7d). This results in enhanced baroclinicity farther
equatorward and so more eddy momentum flux convergence (wave activity diver-
gence) farther equatorward. The strengthened subtropical jet may also result from

increased angular momentum advection by the stronger monsoonal circulation.
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Figure 4.12: Southern hemisphere JJAS ERA-Interim SASM sector EMFD (colors,
m s~2) and zonal wind (contours, m s™!) representing (a) “Strong" and (b) “Weak"
SASM years. Zonal wind contours are 5 m s~!, with positive contours in black,
negative contours in violet, and zero contours in heavy black. Black shading shows
the sector mean topography.

The changes in southern hemisphere extratropical EMFD and eddy-driven jet that

accompany strong (weak) monsoons are similar to those associated with Southern
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Annular Mode variability (Thompson and Wallace, 2000; Barnes and Hartmann,
2010; Hendon et al., 2014), although more zonally localized. This suggests an
association between SASM and Southern Annular Mode variability, which will be
explored in more depth in future work. These features are also qualitatively consis-
tent with findings by Ceppi and Hartmann (2013), who find interannual correlations
between the position of the descending branch of the Hadley cell and the speed of

the eddy-driven jet in the full zonal mean.

4.6 Correlations with modes of SST variability

Since ENSO is one of the main modes of interannual variability associated with the
SASM strength (e,g., Webster et al., 1998; Meehl, 1987), we use the ENSO index
described in Section 2 to determine the correlation between our monsoon index
and ENSO, as well as the extent to which our findings are correlated with ENSO

variability.

There is a statistically significant negative correlation of —0.39 between MFC and
ENSO, consistent with previous studies, which have found that strong El Nifio
warm events are often associated with Indian monsoon failures (e.g., Pant and

Parthasarathy, 1981; Rasmusson and Carpenter, 1982).

To investigate the role of ENSO variability in the findings presented in Sections
4 and 5, we repeat the analyses with linear variability associated with the ENSO
index removed from all fields and the resulting fields regressed onto the MFC index
(not shown). We find that the anomalies in the monsoonal meridional overturning
circulation, precipitation, and temperature within the SASM region, and southern
hemisphere EMFD in strong (weak) monsoons are not significantly related to ENSO
variability. Some anomalies in extratropical zonal wind, temperature, and eddy
energy fluxes associated with strong (weak) monsoons are partially related to, but
not completely accounted for by ENSO variability; these anomalies are weakened
but still evident and statistically significant when ENSO variability is removed. In
general, ENSO variability is not the predominant mode of variability for any of the

findings presented here.

Since ENSO and IOD both measure zonal asymmetries of SSTs, we also use both in-
dices to explore in more detail the anti-correlation in monsoon precipitation anoma-
lies between the eastern Bay of Bengal and the rest of the SASM domain (Fig.
4.3 and related discussion in Section 4). We find that the anti-correlation is still

evident and statistically significant when ENSO is removed. A similar analysis also
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shows that the IOD index, described in Section 2, has a negligible contribution to
the anti-correlation in the precipitation anomalies. Thus, the zonal asymmetry in
interannual variability of precipitation between South Asia and the eastern Bay of
Bengal is not linearly related to either ENSO or IOD.

4.7 Summary and concluding remarks

We investigated the interannual variability of precipitation and large-scale dynamics
of the SASM using reanalysis and precipitation data from various sources. Using
the vertically integrated moisture flux convergence in the SASM region as an index
for monsoon strength, we decomposed the net precipitation variability into dynamic
and thermodynamic components, and we performed linear regression analyses to
identify numerous coherent and robust large-scale atmospheric patterns associated

with monsoon variations. We find that:

1. The interannual variability of the monsoonal precipitation is mainly due to

variability in circulation rather than variability in moisture.

2. Strong monsoons are characterized by a northward shift of the ascending

branch of the cross-equatorial monsoonal circulation.

3. There is a negative correlation between the SASM strength and the near-
surface thermal contrast between the continent and the Indian Ocean, in
contrast with the traditional view of monsoons as land-sea breeze circulations.
This suggests that the near-surface atmospheric temperature distribution is

itself a response to the atmospheric circulation rather than a forcing factor.

4. Within the SASM sector, teleconnections exist between the monsoon strength
and the southern hemisphere extratropical atmospheric temperatures, eddy
MSE fluxes, EMFD, and jet structure.

In the southern hemisphere extratropics, strong monsoon years are correlated with
near-surface atmospheric cooling and increased poleward eddy fluxes of MSE in the
southern hemisphere midlatitudes, suggesting that extratropical thermal forcing in
the winter hemisphere may play a role in the northward shift of the monsoonal circu-
lation during strong monsoons. Strong monsoons are also associated with southern
hemisphere variability similar to the Southern Annular Mode, with a northward shift

and strengthening of eddy momentum flux convergence in the southern hemisphere
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extratropics, accompanied by a northward shift of the midlatitude westerly jet and

strengthening of the subtropical westerly jet.

Although our findings are suggestive of a possible mechanism contributing to the
interannnual variability of the SASM, namely, an extratropical thermal forcing in
the southern hemisphere leading to a northward shift in the monsoonal circulation
during strong monsoons, in order to confirm causality the observational analysis will
need to be supplemented with modeling work, including an analysis of zonal energy
fluxes, to assess the extent to which mechanisms found in the zonal mean are operat-
ing within the monsoon sector. Modeling studies similar to Kang et al. (2014) may
be relevant to understanding the mechanisms underlying the observational findings
presented here. In addition, although the northward shift of the monsoonal circula-
tion during strong monsoons is a robust finding across all datasets examined here,
these datasets are inconclusive regarding whether the northward shift in circulation
is accompanied by a northward shift in the latitude of maximum precipitation within
the SASM sector. Further analysis is needed to clarify this relationship. Despite
these caveats, this study reveals robust large-scale connections between the southern
hemisphere and the SASM on interannual time scales. Further examination of these
connections will eventually result in better understanding and prediction of SASM

interannual variability.

In contrast to the interannual variability we examined, changes in monsoon pre-
cipitation in response to greenhouse warming in climate models are dominated by
the thermodynamic component, rather than the dynamic component (e.g., Cherchi
et al., 2011; Hsu et al., 2013). Since these global warming simulations cover a
much wider range of temperature increases than the interannual variability within
the current climate, it seems reasonable that the thermodynamic component plays
a much larger role in these climate experiments. It will be of interest to explore if
SASM interannual variability in historical climate simulations in the World Climate
Research Programme Coupled Model Intercomparison Project Phase 5 (CMIPS)

reveals similar patterns as the ones highlighted in this observational study.

4.8 Appendix: Long-term trends

In our analysis we have focused on the interannual variability of the SASM during
JJAS, with the long-term trends omitted from all fields. In this section we investi-
gate long-term trends in SASM rainfall inferred from reanalysis, gauge-based, and

satellite data products.
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Identification of long-term trends in the seasonal-mean SASM rainfall is complicated
by variability on interdecadal and sub-seasonal time scales, as well as regional vari-
ability within the SASM domain and inconsistencies between precipitation datasets.
Some studies indicate the presence of a long-term decreasing trend in Indian sum-
mer monsoon rainfall since the mid 20th century (e.g., Ramanathan et al., 2005;
Bollasina et al., 2011; Turner and Annamalai, 2012). Gautam et al. (2009) find
a steady increase in June rainfall over India in recent decades, accompanied by a
decreasing trend in rainfall from July to September. Analysis of precipitation over
numerous regions in India indicates compensating positive and negative long-term
trends in different regions, tending to cancel out in the area average (Naidu et al.,
2009). Goswami et al. (2006a) find increasing trends in the frequency and magnitude
of extreme rain events over India in recent decades, with no significant long-term
trend in the seasonal mean monsoon rainfall due to the compensating tendencies of

extreme wet and dry events.

We investigate the long-term trends in SASM precipitation in the datasets previ-
ously discussed (ERA-Interim, ERA40, NCEP1, NCEP2, 20CENTURY, GPCP,
and AIR), as well as the following precipitation products: CPC Merged Analysis
of Precipitation (CMAP), a merged analysis of rain gauge, satellite and reanalysis
data (Xie and Arkin, 1997); gauge-based data from the University of East Anglia
Climatic Research Unit (CRU; Harris et al., 2014); NOAA’s gauge-based PRECipi-
tation REConstruction over Land (PREC/L; Chen et al., 2002); and satellite-based
precipitation estimates from NASA’s Tropical Rainfall Measuring Mission (TRMM;
Huffman et al., 2007). For all datasets we compute trends over the common period
from 1979 to 2011, except for ERA40 (1979-2002) and TRMM (1998-2011), which

do not cover the entire 33-year period.

Figs. 4.13 and 4.14 show the linear trends in JJAS precipitation over the SASM
domain. There is substantial regional variability throughout the domain, with most
datasets indicating statistically significant positive and negative trends in different
regions. There is little agreement between the datasets, and no robust regional

patterns are evident.

The area average JJAS rainfall over the SASM domain is shown in Fig. 4.15 for
the period 1979-2011, and the values filtered by a 5-year running mean are shown
in Fig. 4.16. In the unfiltered values in Fig. 4.15, it is evident that the interannual
variability dominates over the long-term trend in all datasets except NCEP2. In

the 5-year running mean values (Fig. 4.16), we see positive trends in some datasets
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and negative trends in others, as well as strong interdecadal variability in all of the
precipitation datasets (Fig. 4.16b) which is not evident in the reanalysis products
(Fig. 4.16a). The linear trends computed from the SASM area averages are summa-
rized in Table 4.1. Statistically significant trends are found only within the reanalysis

products, and these include both positive and negative trends.

Thus, it is difficult to draw any general conclusions about the long-term trends in
SASM rainfall in recent decades. Discrepancies among datasets are large, as are

regional variations within the domain.

Table 4.1: Linear trends in SASM JJAS yearly and 5-year running mean precip-
itation (mm day_1 33 years)_l) over the period 1979-2011 (ERA40: 1979-2002,
TRMM:1998-2011). All values are based on area averages over the region 60-
100°E, 10-30°N, except AIR which is an average over India. The trend in 5-year
running mean is omitted from TRMM due to insufficient number of years in the
data. Trends which are statistically significant at the 5% level are in bold.

Dataset Yearly Trend 5-yr Trend
ERA-I +0.72 +0.59
ERA40 +1.89 +1.87
NCEP1 -0.56 -0.72
NCEP2 -1.30 -1.56
20CENTURY -0.23 -0.55
AIR +0.09 -0.10
CMAP +0.12 +0.13
CRU +0.68 +0.42
GPCP +0.35 +0.23
PREC/L +0.53 +0.12

TRMM +1.95 N/A
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Figure 4.13: Linear trend (mm day~! year™!) in reanalysis precipitation over the
period 1979-2011 (ERA40: 1979-2002). Gray stippling shows the regions where

the trend is significant at the 5% level.



77

C GPCP

CMAP CRU
a 30 \ ¥ ‘ ‘ b :

Latitude

PREC/L TRMM
N SR T ] 5
25
(0]
e
2 0
]
-
-25
0 ‘ ‘ W | -£, > _
60 70 80 90 100 110 60 70 80 90 100 110
Longitude Longitude

Figure 4.14: Same as in Fig. 4.13, but for various other precipitation datasets.
Trends computed over 1979-2011 (TRMM: 1998-2011).
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Figure 4.15: Anomalies in SASM JJAS precipitation (mm day~') in reanalysis and
precipitation data over the period 1979-2011 (ERA40: 1979-2002, TRMM: 1998-
2011). All values are based on area averages over the region 60-100°E, 10-30°N,
except AIR which is an average over India.
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Abstract. Atmospheric concentrations of inorganic gasesammonia emissions is likely the main cause for the under-
and aerosols (nitrate, sulfate, and ammonium) are simulategdrediction of nitrate aerosol in many areas of California. An
for 2009 over the United States using the chemical transapproximate doubling of ammonia emissions is needed to re-
port model GEOS-Chem. Predicted aerosol concentrationproduce observed nitrate concentrations in southern Califor-
are compared with surface-level measurement data frormia and in other ammonia sensitive areas of California. How-
the Interagency Monitoring of Protected Visual Environ- ever, even a tenfold increase in ammonia emissions yields
ments (IMPROVE), the Clean Air Status and Trends Net-predicted nitrate concentrations that are still biased low in the
work (CASTNET), and the California Air Resources Board central valley of California. The under-prediction of nitrate
(CARB). Sulfate predictions nationwide are in reasonablyaerosol in the central valley of California may arise in part
good agreement with observations, while nitrate and ammofrom an under-prediction of both ammonia and nitric acid in
nium are over-predicted in the East and Midwest, but underthis region. Since nitrate aerosols are particularly sensitive
predicted in California, where observed concentrations ardo mixed layer depths, owing to the gas-particle equilibrium,
the highest in the country. Over-prediction of nitrate in the the nitrate under-prediction could also arise in part from a po-
East and Midwest is consistent with results of recent studiestential regional overestimate of GEOS-5 mixed layer depths
which suggest that nighttime nitric acid formation by hetero- in the central valley due to unresolved topography in this re-
geneous hydrolysis of MDs is over-predicted based on cur- gion.

rent values of the b5 uptake coefficienty, onto aerosols.
After reducing the value of by a factor of 10, predicted ni-
trate levels in the US Midwest and East still remain higher
than those measured, and over-prediction of nitrate in thist Introduction

region remains unexplained. Comparison of model predic-

tions with satellite measurements of ammonia from the Tro-Nitrate (NG;), sulfate (SG) and ammonium (Ngi) are
pospheric Emissions Spectrometer (TES) indicates that amMajor constituents of atmospheric aerosols. These species
monia emissions in GEOS-Chem are underestimated in Caf@ré formed primarily from chemical reactions in the atmo-
ifornia and that the nationwide seasonality applied to ammo-SPhere involving the gas-phase precursors, nitrogen oxides
nia emissions in GEOS-Chem does not represent CalifornidNOx), sulfur dioxide (SQ) and ammonia (NB). In this

very well, particularly underestimating winter emissions. An WOrk, we use the global chemical transport model GEOS-
ammonia sensitivity study indicates that GEOS-Chem sim-Chem to simulate nitrate, sulfate and ammonium aerosols
ulation of nitrate is ammonia-limited in southern California Over the United States and we compare model predictions

and much of the state, suggesting that an underestimate ¢¥ith measurement data to assess model performance. This
work is motivated, in part, by previous studigRy€ et al.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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Fig. 1. Locations of IMPROVE, CASTNET, and CARB measurement sites, and GEOS-Chem grid box centers over the US.

2009 Bauer et al.2007 Myhre et al, 2006 that indicated Data from the EPA National Emissions Inventory (NEI)
that observed high nitrate levels in California have not been2005 on emissions of NQ SOy, NH3, CO and volatile
simulated adequately by global chemical transport modelsorganic compounds (VOCs) were scaled to the simulation
In a recent GEOS-Chem simulation over the UBang etal.  year according to annual trends in the EPA Acid Rain Pro-
(2012 found that although predictions of the gas-phase pre-gram fttp://ampd.epa.gov/ampdand the NEI Air Pollu-
cursor NQ agreed well with satellite measurements, pre-tant Emissions Trends Datdot{p://www.epa.gov/ttn/chief/
dicted HNG; and nitrate aerosol had strong positive biasestrends). Additional NG, and SGQ emission sources include
throughout most of the country. aircraft, biofuel, and biomass burning, as well as emissions
We note especially the study bfeald et al.(2012, com- of NOy from lightning, soil and fertilizer, and sulfur emis-
pleted at essentially the same time as the present work, whickions from ships, volcanoes and oceaPark et al. 2004).
addresses a number of the same issues and reports resulMstural emission sources of ammonia include soil, vegeta-
generally consistent with those presented here. tion and oceans, as describedByyuwman et al(1997). Sea-
sonal scaling factors, based on the EPA NEI 1999 emission
inventory, were applied to emissions of all species except for
NOy, which was seasonally scaled based on the EPA Visibil-
. . ity Improvement-State and Tribal Association of the South-
Atmospheric concentrations of aerosols and gas-phase L ) .
species are simulated using the chemical transport mode‘?aSt (VISTAS) emission inventory, and ammonia, which was

GEOS-Chem, version 9-01-02ht{p://acmg.seas.harvard. Se_?ﬁznn?g)éslc ii';ﬂ;jj:g;gﬂfgfﬂe _NQOC gas-phase
edu/geodl A nested version of the modeCkien et al.2009 gas-p

. chemical mechanism involving approximately 80 species
van Donkglaar et 32012 Zhapg et al. 2.013 'S us_ed, 9" " and 300 chemical reaction8dy et al, 2001). Sulfate for-
a 1/2 (latitude) by 2/3 (longitude) horizontal grid over . . s
X . . . .. mation pathways include gas-phase oxidation of, 3
North America (Figl), with 47 vertical levels, nested within OH and agueous-phase oxidation of 6y ozone and hy-
a global parent grid at°2x 2.5° horizontal resolution. The d b y

calendar year 2009 is simulated, with a spin-up period ofdrogen peroxide. Gas-phase sulfur chemistry also includes

one year. The model is driven by Goddard Earth Observ—OX|dat'0n of dimethyl sulfide (DMS) by OH to form SO

ing System (GEOS-5) assimilated meteorological fields fromand methanesulfonic acid, and oxidation of DMS by NO

NASAs Global Modeling and Assimilation Office (GMAQ), ' 'orm SQ (Park et al,, 2004). The partitioning between
) . . 2. gas-phase and aerosol-phase nitrate, sulfate and ammonium
Meteorological data include winds, temperature, humidity,

cloud fraction, precipitation and other fields at a 6-h tem- is computed using ISORROPIA IFpuntoukis and Nenes

oral resolution, as well as mixed layer depth and surfacezoo_/)’ a thermodynamic equilibrium model for the*K
pora’ re ’ ‘ayer dep Ca+-Mg2+-NH; -Na-SC;-NO; -CI=-H,0 aerosol sys-
properties at a 3-h temporal resolution.

tem, implemented within GEOS-Chem.

2 GEOS-Chem model

Atmos. Chem. Phys., 12, 112134227 2012 www.atmos-chem-phys.net/12/11213/2012/
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Table 1. Measurement datasets.

Dataset Site locations Sampling Species measured
frequency
IMPROVE Remote/rural areas  24-h samples every Fine particulate € 2.5 um) sulfate and nitrate
3rd day
CASTNET Remote/rural areas  7-day samples Total particulate (not size selective) sulfate,
nitrate and ammonium, Sg), HNO;3 (g)
CARB Mostly urban 24-h samples every Fine particulate € 2.5um) sulfate, nitrate,
6 days and ammonium; Plyp sulfate and nitrate

Removal of nitrate, sulfate, ammonium and related gas- o018
phase species through wet deposition and dry deposition is | |- - - sufate, 7 282«
simulated. The wet deposition scheme includes scavenging - - - - Sulfate, T=293K ’
of aerosols and soluble gases in wet convective updrafts, in- 0.14r Dust J
cloud scavenging by cloud droplets or ice crysals, and below- | |
cloud scavenging by precipitatiohi( et al., 2007). Dry de- Organic Carbon /’
position is simulated with a resistance in series schéfve ( 0.10r Sea Salt ’ A
seley 1989, with surface resistances for sulfate, nitrate and”™ 0.8l ’,' i
ammonium aerosols as describedahang et al(2001). ‘

Planetary boundary layer mixing is simulated using the o.0ef e .7
TURBDAY full mixing scheme {Wu et al, 2007 Bey et al, ool il F
2001), in which vertical mixing is assumed to be instanta- ‘ e
neous and uniform from the surface to the top of the mixed o.02- - .- 1
layer. The offine GEOS-5 meteorological fields used here 0.00 R a— ——==" : : : :
display unrealistically low mixed layer depths at night,com- o 10 20 3 40 5 6 70 8 9 100
pared with observed mixed layer deptisu(and Liang Relative Humidity (¢)

2010. This bias causes GEOS-5 driven GEOS-Chem sim-rjg. 2. values of the NOs hydrolysis uptake coefficient in
ulations to predict an artificially large build up of aerosols at GEOS-ChemEvans and Jaco005.

night and corresponding high biases in predicted daily and

monthly average concentrations. To correct this issue, we

have modified the model to define a minimum mechanical
mixing depth, calculated based on the local friction veloc-
ity (Lin and McElroy, 201Q Koracin and Berkowicz1988
Heald et al. 2012; any GEOS-5 mixed layer depths below
this value are set to the minimum mechanical mixing depth.

This modification yields nighttime mixed layer depths that they find that within this range of values, the production of

are more cons_ls'_[ent. with obsgryanI_w(and_ Liang 2010, HNOs; in the model is highly sensitive to the selected value
and more realistic diurnal variations in predicted aerosol con-

centrations. ofy

. . Figure 2 shows the values of used in the standard ver-
Zhang etal(2019 suggest that nitrate concentrations may siongof GEOS-Chem, for theqf/arious types of aerosols on

be over-predicted owing to an overestimate of nighttime ni-_ . o h
. . . . which heterogeneousJ®s hydrolysis is simulatedEvans
tric acid formation through heterogeneouss hydrolysis, - .
; ? and Jacop2009. The uptake coefficient on sulfate aerosol is
N2Os 4+ H20O — 2HNO3, as NOs concentrations build up . . .
. . determined in GEOS-Chem as a function of temperature and
due to the gas phase reaction of N@ith NO3. The rate of . .-
: . L relative humidity. For temperatures of 282 K and belpvat
HNO3 production by this reaction is expressed ag\bOs], . . i )
) a given RH is assumed to be independent of temperature; for
wherek = yun,05 Aaerosol/4 andun,o; is the mean molec- - .
ular speed of KOs, A is the aerosol surface area per temperatures above 282 Ik, at a given RH decreases with
P 5, £ Aerosol X increasing temperature. It is evident in FRjthat the value

unit volume, and is the uptake coefficient, which describes £ is ab f . b d | | and
the probability that an BOs molecule impacting an aerosol of y is above 0.02 for organic carbon and sea satge_rqso »an
well above 0.02 for sulfate aerosol at higher humidities, ex-

giasrtrlgzlai:}[/ivolt %Z?ricgg :1ned|rl';z\r/]((airizgl(;aaheterogeneous hydrOIy_ceeding 0.1 at lower temperatures and high RH. Based on the
' recommendations dflacintyre and Evan$2010, the val-
ues ofy in GEOS-Chem likely lead to an overestimate of

Black Carbon ’

Macintyre and Evan$2010 list the range of published
values fory as 104 to > 0.1. They note that recent labora-
tory studies indicate lower values than previously considered,
and suggest that the tropospheric value is likely in the range
of 0.001 to 0.02. In a sensitivity analysis with GEOS-Chem,

www.atmos-chem-phys.net/12/11213/2012/ Atmos. Chem. Phys., 12, 1121227 2012
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Fig. 3. Predicted concentrations of sulfate, nitrate, and ammonium aerosol for December-January-February (DJF), March-April-May (MAM),
June-July-August (JJA) and September-October-November (SON), 2009.

nighttime HNG formation, with a corresponding overesti- clude the formation of inorganic aerosols on coarse mode
mate of nitrate aerosol production. Following the approachdust particles and although the model does include the for-
of Zhang et al(2012, we have reduceg by a factor of 10  mation of inorganic aerosols on coarse mode sea salt, these
in the present GEOS-Chem simulations, in order to simulatepredicted concentrations comprise a negligible fraction of the
nighttime nitric acid formation using an uptake coefficient total predicted aerosol concentrations over the continental

more consistent witMacintyre and Evan&010. US. Thus, the PMls nitrate and sulfate measurements were
selected from the CARB dataset for comparison with model
predictions.

3 Surface-level atmospheric data The precision of IMPROVE secondary inorganic aerosol

) ) concentration measurements is estimated to be 4@ (
GEOS-Chem simulations are compared to measured aerosglisia cira.colostate.edu/improve/Publications/OtherDocs/

concentrations for 2009 from three data sources: the I”terTMPROVEDataGuide/IMPROVEDataGuide.h)m The
agency Monitoring of Protected Visual Environments (IM- precision of CASTNET concentration measurements is

PROVE, http:/_/views.cira.colostate.edu/web/DataWiz;a,rd/ estimated to be approximately 3%, 8%, and 4 % for sulfate,
the Clean Air Status and Trends Network (CAST- nirate and ammonium, respectivelgi¢kles Il and Shad-
NET, http://views.cira.colostate.edu/web/DataWizard/ wick, 2002. Since the CARB PMs samplers are similar to

and. the California Air Resources Board (CARB, {he |MPROVE samplers, measurement precision for CARB
http://www.arb.ca.gov/agmis2/agmis2.phpablel summa-  spservations is assumed to be similar to those in IMPROVE.
rizes the sampling frequency and measured species in each

dataset. Locations of the measurement sites are shown in
Fig. 1. 4 Results

The CARB dataset includes sulfate and nitrate concentra-
tions measured by both RPiland PM s samplers. GEOS-  Figure3 shows the predicted seasonal average concentrations
Chem secondary aerosol predictions are not size resolvedf nitrate, sulfate and ammonium aerosol at the surface level.
however for the purposes of this study they can be assumeBredicted annual concentrations are compared with measure-
to be in the fine mode (Pp%), since the model does not in- ments over the entire US in Fig. and over California in
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Fig. 4. Predicted 2009 annual mean aerosol concentrations compared with measured concentrations.
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Fig. 5. Same as Fig4, but in detail for California.

Fig.5. Scatter plots of predicted versus measured annual comrments (Fig.6), with an NMB of +18 % for the continental
centrations are shown in Fi§. The normalized mean biases US excluding California and +3 % for California. For Cali-
(NMB) of predicted seasonal and annual concentrations aréornia, the slope of the linear regression through the origin
summarized in Tablg, where NMB= (X (P; — 0;)/ X O;) x is actually less than 1, although the NMB is positive. Al-
100 %, wherepP; is the predicted and; the observed sea- though this seems to be a contradiction, it reflects the fact
sonal average concentration, and the summation is over athat a straight line through the origin does not fit the scat-
measurement sites. ter plot very well because there are just a few data points
Predicted annual sulfate concentrations are in reasonablhere the predicted concentration is substantially below the
agreement with IMPROVE, CASTNET and CARB measure- measured concentration, but there are a large number of data
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Fig. 6. Predicted versus measured annual mean concentrations (left panels) and difference between predicted and measured versus measur
annual mean concentrations (right panels) for 2009. Each data point corresponds to an observed concentration at a measurement site alor
with the predicted concentration in the GEOS-Chem grid box containing the measurement site. Measured concentrations are IMPROVE
(PM25), CASTNET (TPM), and CARB (PMs). Red regression lines and normalized mean biases (NMB) are for California sites only.
Blue regression lines and NMB are for all sites excluding California. Coefficients of determingfiocalculated for regression through the

origin (Montgomery et aJ.2006.

points for which the predicted concentrations are very closemeasured concentrations in magnitude and in the pattern of
to or just slightly higher than those measured (top right panelkeasonal variation over the course of the year, with NMB val-
of Fig. 6). There is substantial over-prediction, with NMB ues ranging from-36 to 9 % (where the NMB at each site is
of +176 % and +68 %, respectively, in the predicted annualcalculated from the monthly mean predictions and observa-
nitrate and ammonium annual concentrations over the USions at that site). Predicted nitrate and ammonium concen-
excluding California. The bias in nitrate predictions in the trations display similar patterns in comparison with observa-
eastern and midwestern states has a significant seasonal vatiens at all three sites. At Bondville, nitrate and ammonium
ation, with the highest overprediction in the summer and au-are over-predicted in all months except February and March,
tumn (Table2). On the other hand, in California, there is with NMB of +67 % and +41 % for nitrate and ammonium,
a substantial under-prediction of annual nitrate and ammo¥respectively. At Riverside, nitrate and ammonium are under-
nium concentrations, with NMB of-62 % and—38 %, re-  predicted in all months, with NMB of 75 % and—65 %, re-
spectively, and the panels on the right side of Figghow  spectively. At Fresno, nitrate is under-predicted in all months
that the magnitude of the negative bias increases as the me@\MB of —81 %) and ammonium is under-predicted in all
sured concentration increases. months except April, June and July (NMB ef64 %). At
Figure7 shows monthly mean predicted and measured in-Fresno, there is a very strong seasonal variation in observed
organic aerosol concentrations at Bondville, IL, in the re- nitrate which is not reflected in the model predictions; pre-
gion of highest predicted nitrate concentrations in the Mid- dicted January average nitrate concentration at Fresno is less
west, and at Fresno, CA and Riverside, CA. At all three sitesthan one tenth of the observed January average nitrate con-
predicted sulfate concentrations agree reasonably well witlcentration.
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Table 2. Normalized mean bias (%) of predicted 2009 seasonal concentrations relative to measurements (IMPROVE, CASTNET, CARB),
for the base case GEOS-Chem simulation and the two ammonia sensitivity simulatiohd¥2and 10x NH3). Results for California are
presented separately for the two regions shown in Fig.

Aerosol species  Region Simulation DJF MAM JJA SON  Annual

Sulfate USA excluding California  Base Case —3 +17 +23 +32 +18
2xNH3z -0.1 +18 +23 +34 +19
10x NH3 +4 +19  +229 +36 +21

California (Region A) Base Case +67 —14 +11 -1 +6
2 x NH3 +67 —14 +12 -1 +6
10x NH3 +69 —14 +12 -1 +6
California (Region B) Base Case —27 -12 +27 —4 -2
2xNH3z =27 -12 +27 -4 -2
10xNH3 —-26 —-12 +26 -4 -2
Nitrate USA excluding California  Base Case +147 +85 +319 +296 +176

2xNHz +248  +209 +654 +556 +334
10x NH3 +463  +539 +1415 +1095 +691

California (Region A) Base Case —66 —65 -34 -50 —55
2xNH3 -35 =31 +26 —4 —13
10x NH3 +84 +91 +217 +144 +130
California (Region B) Base Case —73 —47 —-41 -71 —67
2xNH3 —62 -19 -7 —56 -51
10xNH3 -41 +54 +101 -16 -12
Ammonium USA excluding California  Base Case +63 +48 +59 +109 +68

2x NHz +118 +93 +102 +184 +122
10x NH3 +232  +195 +179 +32 +229

California (Region A) Base Case —59 —48 -12 -33 -38
2xNHz —41 -29 +15 -7 —16

10x NH3  +23 +32 +94 +73 +54
California (Region B) Base Case —68 +12 +51 —46 —-38
2xNH3 -58 +36 +75 -33 —24
10x NH3 —40 +94  +140 -1 +8

Figure 8 shows the partitioning between monthly pre- sults found byZhang et al(2012 andHeald et al.(2012.
dicted aerosol and gas-phase nitrate and ammonia at thiitrate aerosol is formed in thermodynamic equilibrium with
Fresno, Riverside, and Bondville sites. The annual avergas-phase ammonia and nitric acid. The partitioning between
age concentrations of total ammonia (gas phase ammonithe gas phase and aerosol phase nitrate is determined by the
plus aerosol ammonium, expressed aszgNHENd total ni-  relative abundances of ammonia and nitric acid, as well as by
trate (gas phase nitric acid plus aerosol nitrate, expressethe temperature and relative humidity, with equilibrium shift-
as HNQ) are similar at the Riverside and Bondville loca- ing towards the aerosol phase in colder and more humid con-
tions, with 7.9 ug m? total nitrate and 1.8 ugn¥ total am-  ditions. If ammonia concentrations are low compared with
monia at Riverside, compared to 8.9 pghiotal nitrate and  the available nitric acid, then in thermodynamic equilibrium
2.4ugm 2 total ammonia at Bondville. Since Bondville is much of the HNQ will remain in the gas phase and nitrate
generally colder and more humid than Riverside, a largeraerosol formation is ammonia-limited. Conversely, if HNO
fraction of total nitrate and ammonia exist in the aerosolconcentrations are low compared with the available ammo-
phase at Bondville (Fig8). At Fresno, the annual average nia, then nitrate aerosol formation is nitric acid-limited.
concentration of total ammonia is 2.3 pg similar to the Zhang et al(2012 suggest that GEOS-Chem may over-
other two sites, but the annual average total nitrate is onlypredict nitrate concentrations owing to an overestimate of
4.0 ug nT3, approximately half the concentration at River- nighttime nitric acid formation through heterogeneoy©b|

side and Bondville. hydrolysis. However, the reduction of thee® uptake co-
. S _ efficient, y, by a factor of 10 in the current simulation
4.1 Nitrate over-prediction in the Midwest/East did not reduce substantially the nitrate bias compared with

another identical simulation (results not shown) using the

Over-prediction of nitrate and ammonium aerosol in the eastyiandard GEOS-Chem values for the NMB in predicted
ern and midwestern states in this study is consistent with re-

www.atmos-chem-phys.net/12/11213/2012/ Atmos. Chem. Phys., 12, 1121227 2012



11220 J. M. Walker et al.: Simulation of nitrate, sulfate, and ammonium aerosols

20 Sulfate - Fresno, CA 5 Sulfate - Riverside, CA 6 Sulfate - Bondville, IL
25 2
&
é 2.0 s 4
@ 15 '\
8 2
g 1.0 /v/v 2
0.5 1
0.0 0 0
2 4 6 8 10 12 2 4 6 8 10 12 2 4 6 8 10 12
15 Nitrate — Fresno, CA 12 Nitrate — Riverside, CA Nitrate — Bondville, IL
10 8
5
E 10 /‘ 8 6
g 6
Q
2 4
* 2
»M ? /’N\’\’\k’
0 : 0 0
2 4 6 8 10 12 2 4 6 8 10 12 2 4 6 8 10 12
5 Ammonium - Fresno, CA 5 Ammonium - Riverside, CA 3.0 Ammonium - Bondville, IL
—
E 4 4 25
£ 3 3 2.0
S
5 2 2 15
1S
S
< ww ' m Lo
0 n n n n n n O n n n n n n 05 n n n n n n
2 4 6 8 10 12 2 4 6 8 10 12 2 4 6 8 10 12
Month Month Month
| —<— IMPROVE CARB —— CASTNET — ¢ GEOS-Chem
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Fig. 8. Predicted 2009 monthly mean concentrations of gas-phase nitric acid, nitrate aerosol, gas-phase ammonia, and ammonium aerosol &
selected sites. Note that gas-particle thermodynamic equilibrium is calculated to hold over each 20 min time step of the model. The monthly
mean concentrations presented in this figure represent an average of the individual 20-min equilibria over all the hours of each month, and
thus do not satisfy gas-particle equilibrium in the aggregate.
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predicted nitrate aerosol concentrations, suggesting that the
nitrate simulation in this region may be ammonia-limited.
The large uncertainties in the ammonia emissions inven-
tory and seasonal scaling factors used in GEOS-Chem could
potentially result in a substantial underestimate of ammo-
nia emissions and concentrations, along with a correspond-
ing underestimate of nitrate aerosol in regions where simu-
lated conditions are ammonia-limited. In their study of air-
craft data from the CalNex 2010 experimeNpwak et al.
NO; (2012 found that ammonia emissions from dairy facilities
in Southern California have a significant effect on nitrate
aerosol formation, shifting the NiN O3 equilibrium towards
the particle phase and resulting in higher nitrate aerosol con-
centrations downwind of the dairy facilities. They also com-
pared the CalNex aircraft data to NEI 2005 and CARB-
ARCTAS 08 Huang et al.2010 emissions inventories of
$ 1 ammonia in the South Coast Air Basin and found that both
- emissions inventories underestimate ammonia emissions rel-
. ) ] ative to emissions estimates derived from the aircraft data. In
Fig. 9.Pred|c_ted 2009 annual mean concentrations of HiPper the NEI 2005 inventory, which is used in GEOS-Chem, am-
panel) and nitrate aerosol (lower panel). monia emissions from automobiles and dairy facilities in this
region are 38 and 1 metric tonnes per day, respectively, com-
annual nitrate over the continental US (excluding Califor- P2réd to 56 and 11 tonnes per day, respectively, in the CARB-
nia) is +176 % (Table?) wheny is reduced by a factor of ARCTAS 08_|n\_/entory. _Both these_ estimates are much lower
10, compared with an NMB 0f-196 % when the standard than the emissions estimates derived\mwak et al.(2012

» values are used. These results suggest that an overestimdf@M CalNex, of 38 to 86 tonnes per day from automobiles

of heterogeneous 205 hydrolysis does not fully account for and 3310 176 tonnes per day from dairy facilities.
the nitrate bias. We conducted a sensitivity analysis with GEOS-Chem,

Heald et al(2012 found that GEOS-Chem simulation of simulating the year 2009 with anthropogenic emissions of

nitrate aerosol over the midwestestern and eastern states fnmonia increased by a fac:[‘or of t""? (ANH3" simula-
nitric acid-limited and that the positive nitrate bias is likely on) and by a factor of ten (“16 NHs" simulation). Fig-
linked with an overestimate of nitric acid concentrations: Ure 10 shows the ratios of the predicted annual nitrate con-
when they reduced nitric acid concentrations to 75 % of theijrcentrations in the ammonia sensitivity simulations to the base

simulated values in GEOS-Chem, this reduction corrected@S€ Predicted annual nitrate concentrations. In the upper

the bias in simulated nitrate and ammonium aerosol over thé@n€l, which displays the results for thecNHgz simulation,

Midwest and East. In addition to the uncertainties Oy the ratio of pred_icted concentraf[ions to base casg pr_edic_:ted
hydrolysis, Heald et al.(2019 investigated other possible concentratlo.ns is close tq two _|n f[he req areas, |nd|_cat|ng

causes for an overestimate of nitric acid concentrations, infhat & doubling of ammonia emissions yields a doubling of

cluding: uncertainties in daytime formation of Hy@rising ~ Predicted nitrate and thus the modeled nitrate is ammonia-
from uncertainties in emissions of NOconcentrations of ~lImited in these areas. In the lower panel of Fig, showing

OH, or the rate of N@ oxidation by OH, and uncertainties the results for the 18 NHz simulation, the green, yellow

in the dry deposition removal rates of nitric acid. They found @nd blue areas show the regions where predicted nitrate is
that none of these uncertainties could fully account for theSensitive to additional ammonia emissions beyond a factor of

reduction in HNQ required to correct the nitrate bias. Over- WO increase, and the red areas show the regions where a ten-
prediction of nitrate in the midwestern and eastern states ref0!d increase in ammonia emissions yields a tenfold increase
mains to be explained. in predicted n!trate,_ |nd|cat|n.g ammonia Ilm!tat_|on over an
order of magnitude increase in ammonia emissions.
4.2 Nitrate under-prediction in California Figure11 summarizes the average ammonia sensitivity of
predicted nitrate in California. The subset of California la-
Figure 9 shows predicted annual HNGand nitrate aerosol beled “Region A’ is an area of high ammonia sensitivity on
concentrations over the United States. Predicted concentraverage, in which predicted annual nitrate concentrations in-
tions of both HNGQ and nitrate aerosol are high over the crease by 60 % or more above the base case when ammo-
midwestern and eastern states. However, in southern Califomia emissions are doubled in GEOS-Chem. The subset of
nia, predicted HN@ concentrations are among the highest California labeled “Region B” is an area of lower ammo-
in the country but this strong maximum is not reflected in the nia sensitivity on average, in which predicted annual nitrate

pg/m®

w
pg/m®

N
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Fig. 11. California regions of high (Region A) and low (Region B)
ammonia sensitivity in predicted nitrate. Region A (yellow areas

i ) ) ) i . in California) comprises the grid points for which predicted 2009
Fig. 10'_ Ratio c_’f_ pred!cted 2_009 annual nitrate cor_lcentratlons N annual nitrate concentrations increase by 60% or more above the
ammonia sen5|t_|V|ty simulations to base case predicted annual Nipase case when ammonia emissions are doubled in GEOS-Chem.
trate concentrations. Region B (blue areas in California) comprises the grid points for
which predicted 2009 annual nitrate concentrations increase by less

. . .than 60 % when ammonia emissions are doubled in GEOS-Chem).
concentrations increase by less than 60% when ammonia

emissions are doubled. In each of these regions, the thermo-
dynamic equilibrium between gas-phase and aerosol-phase
nitrate is computed at each timestep and grid cell, so withinbias is substantially reduced with a doubling of ammonia
Region A there will be some locations and timesteps whereemissions (annual average NMB ofL3 % in the 2x NH3
the ammonia sensitivity is low, and conversely for Region B. simulation, compared te-55 % in the base case). When am-
However, Fig.11 shows that, on average, there are two dis- monia emissions are increased tenfold, there are large posi-
tinct regions corresponding to the limiting factor (ammonia tive biases in the predicted nitrate in Region A in all seasons,
or nitric acid) in the simulation of nitrate in California. with NMB of +130% in the annual average. These results
Region B covers approximately the central valley of Cal- indicate that in order to simulate observed nitrate aerosols
ifornia, including Fresno, while Region A covers the rest of in Region A, the annual total ammonia emissions in GEOS-
the state, including Riverside and all of southern Califor- Chem need to be increased by a factor of approximately two
nia. The monthly predicted nitrate at Fresno and Riversideor slightly higher.
is shown in Fig.12 for the ammonia sensitivity simulations, = The seasonal biases in Taleindicate that an adjust-
along with the observed nitrate. At Fresno, a double or everment to the seasonality of ammonia emissions in GEOS-
tenfold increase in ammonia emissions is not sufficient toChem Park et al. 2004 could also improve the nitrate pre-
simulate the high wintertime nitrate concentrations observedictions in California Region A. Although a doubling of the
at this location; this result is consistent with the low levels of annual total ammonia emissions reduces the annual average
predicted total nitrate relative to the predicted total ammonianitrate bias to-13 %, the seasonal biases in this scenario are
at this location (Fig8). At Riverside, a doubling of ammo- —35% in winter and +26 % in summer. The seasonal scaling
nia emissions roughly doubles the predicted nitrate concenin GEOS-ChemPark et al.2004) is a single set of monthly
trations, but the predicted concentrations are still below thescaling factors, which is applied uniformly to ammonia emis-
measured concentrations throughout the year. A tenfold insions over the whole country. These scaling factors attribute
crease in ammonia emissions yields predicted concentration3 % of annual ammonia emissions to the 7 months of April
that are within the overall range of measured concentrationshrough September, with the remaining 27 % of annual emis-
throughout the year, although the month to month variationssions in the five month period of October through March.
are not captured as well as the annual average. This seasonality is based primarily on ammonia emissions
Table 2 summarizes the normalized mean biases in seadata from North CarolinaAneja et al, 200Q Roelle and
sonal and annual predicted aerosol concentrations in the anAneja 2002, an area that is likely representative of much of
monia sensitivity simulations. In the ammonia sensitive Re-the US, but has colder winters and substantially less winter-
gion A of California, the magnitude of the negative nitrate time agricultural activity than California. The seasonal biases

P N WSO N 0O
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15 Nitrate ~ Fresno, CA dictions are compared to satellite measurements of am-
monia in California in 2009 from the Tropospheric Emis-
CARB sions Spectrometer (TESPHliephard et al.2011; Beer et

— O GEOS—Chem Base Case /' al., 2009. TES is a high-resolution (0.06 crh) Fourier

4 GEOS-Chem 2xNH, transform spectrometer onboard NASAs Aura satellite, in
. GEOS-Chem 10xNH, / a sun-synchronous orbit with measurements at 01:30 and

—&— IMPROVE

=
o
T

Nitrate (ug/m°)

(9]
T

13:30LT. The spectrometer measures infrared radiation,
and NH; concentrations are retrieved using optimal es-
timation methods Bowman et al. 2006 Rodgers 2000
with the Line-By-Line Radiative Tansfer Model (LBLRTM)
and the fast forward model (OSS-TESEI¢ugh et al.
2006 Moncet et al. 2008 Shephard et 31.2009. The
ammonia data used in this study are from the TES Lite
data product, Version 5hftp://avdc.gsfc.nasa.gov/index.
php?site=635564035&id=10&go=list&path=/NH3

To compare model predictions with satellite measure-
ments, vertical profiles of predicted ammonia concentrations
are sampled from GEOS-Chem hourly timeseries at each
of the TES measurement locations and times. Each GEOS-
Chem ammonia profile is interpolated from the model levels
(47 vertical levels) onto the 15 vertical levels of the corre-
Fig. 12.2009 monthly predicted aerosol nitrate at Fresno, CA andsponding TES profile. The TES averaging kernel and a pri-
Riverside, CA in GEOS-Chem ammonia sensitivity simulations gr;j profile are applied to the interpolated profile using the
(pase case, 2 NH3 emissiqns, and 18 NH3 emissions) compared equationt = x, + A(x; — x,), wherezx is a “retrieved” pro-
with measured concentrations. file representing what TES would measure if the interpolated
GEOS-Chem profile; were the true atmospheric statg,is
the TES a priori profileA is the TES averaging kernel repre-
_senting the sensitivity of the retrieval to the true state, and the
@rofilesﬁ, x; andx, are expressed as natural logarithm of the
fmmonia volume mixing ratios. An example TES retrieval,
averaging kernel, and “retrieved” GEOS-Chem profile are

12 Nitrate — Riverside, CA

Nitrate (ug/m°)

in nitrate shown in Tablg and Fig.12suggest that in Califor-

nia, wintertime ammonia emissions comprise a larger frac
tion of the annual total, and summertime emissions compris
a smaller fraction of the annual total than the seasonality o

Park et al.(2004. Since temperature and relative humidi- Yt : - - )
shown in Fig.13. Only TES retrievals with sufficiently high

ties are most favorable to nitrate formation in winter, this o - -
underestimate of the wintertime fraction of annual ammoniaS€nsitivity (degrees of freedom for sigraD.5) are included

emissions in California is another likely cause for the under-I" the comparison, with a total of 142 retrievals over the year.
prediction of nitrate in California Region A. Inherent in our comparison is a mismatch in scales, since

In contrast with Region A, when ammonia emissions aretN€ TES footprint is approximately 8 km (Shephard et

doubled, predicted annual nitrate concentrations in Region B+ 2013, compared with the GEOS-Chem grid box size of
still have a large negative bias 61 % in the 2« NH3 simu- approximately 56< 60 km in California. However, since the

lation, compared te-67 % in the base case) (Tatlg Even predominant sources of ammonia in California are agricul-
a tenfold increase in ammonia emissions yields predicted nitural sources emitting over extended areas, we expect that
trate concentrations that are still biased low by 12 % in theSUP-grid scale variations will be relatively small.

annual average. These results indicate that in Region B, the At @ given vertical level, a TES retrieved profile may be

under-prediction of nitrate aerosol may be a result of underStrongly influenced by the choice of a priori, and vertical
prediction of both ammonia and nitric acid in the central cOlumns are dependent on the selected a priori profile. To

valley of California. Since nitrate aerosols are particularly reduce the influence ,Of .the a priori profiles in the cpmparison
sensitive to mixed layer depths, owing to the gas-particIeOf_GEOS'phem predictions with TES, representative volume
equilibrium, the nitrate under-prediction could also arise in MiXing ratio (RVMR) valuesghephard et 312011 are com-

part from a potential regional overestimate of GEOS-5 mixedPared for the retrieved profiles from TES and GEOS-Chem.
The RVMR is a boundary layer average volume mixing ratio

layer depths in the central valley due to unresolved topogra- AR ' A )
phy in this region. (VMR) Whl(.:h is Welghte(_j by the _TES senS|t|V|ty to provide
an ammonia concentration that is representative of the ver-
4.3 Satellite measurements of ammonia tical region over which TES is most sensitive. Examples of
RVMRs from retrieved TES and GEOS-Chem profiles are
To investigate the extent to which California ammonia emis-shown in Fig.13. The TES RVMR values used in this com-

sions might be underestimated in GEOS-Chem, model preparison have a mean error of 45 %, where the RVMR error is
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TES and GEOS-Chem NH, Profiles seasonality used in GEOS-Chem (Figl), with a greater
0 ‘ ‘ — fraction of annual emissions occurring during the winter
ool T IEsapnon | months than the currently assumed seasonaigng et al.
. *  TESRTVMR (2012 developed seasonal scaling factors for ammonia emis-
€ aoof e e etieved sions based on measurements of total ammonia (ammonia
5 * _GEOS-Chem RVMR plus ammonium aerosol) from the Midwest Ammonia Mon-
¢ 600 1 itoring Project and the Southeastern Aerosol Research and
800 | Characterization; their analysis suggests a broadening of the
summer peak, with enhanced springtime emissions. Com-
1000 . ‘1‘0 = o _pariso_n w?th IASI _m(-?-asurements also supports this increase
NH, (ppbv) in springtime emissionsHeald et al. 2012. The Zhang
et al. (2012 seasonality, based on data from the midwest
. TES Averaging Kemel Rows T oomn and southeast, improves the seasonal variations in predicted
——— 909 mb ammonia concentrations in these areas, and is likely rep-
200 | 322 :E resentative of _much_ of_ the country. In Ca_lifornia, howe\(er,
o where ammonia emissions are high and winters are relatively
S 00 | 615 mb warmer, our results suggest that seasonal variability of am-
© —— se2mb monia emissions differs substantially from those in the Mid-
2 600 Tsumb west/East, and a seasonality customized to California condi-
C o e tions is needed in order to adequately simulate the observed
800 S zfz :E nitrate concentrations in much of the state.
—— 61mb While we do not perform inverse modeling in the present
1000 : ‘ ‘ 215mb study, inverse modeling represents a powerful method to as-
01 0 01 0z 03 04 | ———omb sess the consistency between observed concentrations and

mission inventori tal, 2012 Turner et al.2012).
Fig. 13. Example ammonia profiles (TES, GEOS-Chem, ande Sslo entoriesZpu et al, 2012 Turner et al, 2013

GEOS-Chem with the TES satellite operator applied) and TES av-
eraging kernel, for the TES measurement at (120v8937.35 N), 5 Conclusions
18 May 2009, 01:30 p.m. PST and corresponding GEOS-Chem grid

box and timestep Atmospheric chemical transport models (ACTMs) provide

a powerful means to evaluate the extent to which predicted
atmospheric gas and particle concentrations based on an
e<3(1]ss;umed emission inventory agree with those actually ob-
served. Prediction of aerosol levels over the US is a subject

GEOS-Chem over California are shown for each month ofOf. mtepse mterest, owing to efforts to achieve compllan(_:e
with air quality standards and to assess the extent to which

2009 in Fig.14. The TES RVMR values exceed those from _. L
. air quality is affected by long-range transport beyond the US
GEOS-Chem at most locations throughout the year. The nor; : . .
) ) . border. Previous ACTM simulations of aerosol levels have
malized mean bias of GEOS-Chem predicted RVMRs reI_exhibited mixed success in terms of agreement between pre
ative to TES RVMRs, over the 142 retrievals in the year, g P

. . - : o .’ dicted and observed concentrations. When predictions and
is —79 %, which could indicate that ammonia emissions in : . :
observations do not agree, assessing the cause of the dis-

California are underestimated in GEOS-Chem. This NeJAT oancy mav not be entirely straiahtforward. as both the
tive bias is consistent with the findings 8hephard et al. pancy may y 9 ’

(2017, who compared ammonia predictions from a global emission inventqry a_md representation of atmospheric pro-
GEOS'-Chem simulation to TES RYMRs. and with the find- CESS€S may be implicated. The present study addresses the

ings of Heald et al.(2012, who compare ammonia predic- prediction of aerosol nitrate, sulfate, and ammonium levels
ng ' 7’ b . * P over the US for 2009. Lack of agreement between observed
tions from a North American GEOS-Chem simulation to ver-

tical columns from the Infrared Atmospheric Sounding In- and predicted levels can be traced to both emission inven-

. L tory inaccuracies as well as model representation of nitric
terformeter (IASI) satellite measurements; in both of these cid formation. The GEOS-Chem model employed here is

gtudles, ammonia was under-predicted compared with sate he most widely used ACTM worldwide. The present study,
lite measurements.

) . and others like it, is valuable in pinpointing sources of model-
The spatial and temporal coverage of TES ammonia mea- . .
. . . measurement discrepancy and thereby lead to improvements
surements is relatively sparse, so an analysis of monthly or ) o .
i ) in treatment of atmospheric processes and emission esti-
seasonal averages is not feasible. However, the TES measure-
o - . mates.

ments qualitatively indicate that the seasonal variation of am-

monia emissions in California is less than the country-wide

the sum of the measurement and smoothing errors describ
by Shephard et a(2011). The RVMR values from TES and
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3
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Fig. 14. Satellite-measured (TES) and predicted ammonia RVMR concentrations for 2009. Data points shown are individual measurements
in each month; some data points overlap when there is more than one measurement at a location within a month.
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