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Abstract

Using data from the Sumatran GPS Array in Indonesia—a hero network in tectonic and earthquake studies—
we study the summer intra-seasonal variability of precipitable water vapor (PWV) over Sumatra in years without
strong inter-annual variability. Unlike most other studies that used external meteorological data to derive PWV
from Global Positioning System (GPS) signal delays, we use the zenith wet delay (ZWD) time series estimated
from a regular geodetic-quality processing routine as a proxy for PWV variations without using auxiliary me-
teorological data. We decompose the ZWD space-time field into modes of variability using rotated Empirical
Orthogonal Function (EOF) analysis and investigate the mechanisms behind the two most important modes using
linear regression analysis both with and without lags. We show that the summer intra-seasonal variability of daily
ZWD over Sumatra in 2008, 2016, and 2017 was dominated by the South Asian Summer Monsoon and further
influenced by dry-air intrusions associated with Rossby waves propagating in the Southern Hemisphere midlat-
itudes. Both active South Asian monsoons and dry-air intrusions contribute to the dryness over Sumatra during
northern summer. Our results indicate an intra-seasonal connection between the South Asian and western North
Pacific Summer Monsoons: when the South Asian monsoon is strong, it pumps atmospheric water vapor over
the eastern Indian Ocean to feed into the western North Pacific monsoon. We also show a tropical-extratropical
teleconnection where PWV over the southern Maritime Continent can be modulated by the activity of eastward-
traveling Rossby waves in the southern midlatitudes. Our case study demonstrates the use of regional continuous-
ly operating GPS (cGPS) networks for investigating atmospheric processes that govern intra-seasonal variability
in atmospheric water vapor.
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1. Introduction

The Global Positioning System (GPS) was original-
ly designed for the purposes of positioning, naviga-
tion, and timing, yet it has emerged as a powerful tool
for atmospheric water vapor sensing in ground-based
GPS meteorology (Bevis et al. 1992). When GPS
radio signals travel from satellites to ground receivers,
they are refracted by the Earth’s atmosphere, delaying
their travel time. A significant portion of the delay
is introduced by the permanent dipole moment of
water vapor in the neutral atmosphere. This specific
delay is referred to as the “wet delay” (Davis et al.
1985) or “tropospheric wet delay” as the troposphere
contains nearly all atmospheric water vapor. The wet
delay is determined primarily by the amount of water
vapor integrated along the signal path (Askne and
Nordius 1987), thus containing valuable information
regarding the amount and distribution of atmospheric
water vapor. The wet delay along any arbitrary path
is typically modeled as zenith wet delay (ZWD),
combined with mapping functions that account for
the dependence of the satellite elevation angle (Niell
1996) and horizontal gradients that account for the
azimuthal variability of the atmosphere (Davis et al.
1993). In order to achieve precise positioning that
requires millimeter accuracy, ZWD must be estimated
along with station coordinates and other geodetic
parameters of interest. Thus, ZWD time series have
long been produced as by-products of GPS position
time series; however, such information is often disre-
garded by geodesists as noise.

Yet, a geodesist’s noise is an atmospheric scientist’s
signal. Provided that there is ancillary pressure and
temperature information, ZWD can be converted to
an estimate of precipitable water vapor (PWYV), that
is, the height of liquid water if all atmospheric water
vapor in a vertical column were condensed to liquid
(Bevis et al. 1994). Although the basic concept of the
GPS-PWYV technique was introduced as early as 1992
(Bevis et al. 1992), its applications have continuously
expanded since then owing to the exponential growth
of national, regional, and local networks of continu-
ously operating GPS (cGPS) stations over the past few

decades. Published GPS-PWV studies have mostly
focused on developing and refining the technique
itself, comparing it with other techniques, calibrating
other instruments, and improving numerical weather
prediction and reanalysis models through validation
or assimilation (Guerova et al. 2016). More recently,
GPS-PWYV has been applied in climate studies largely
to two extreme ends of the broad time scale that GPS
observes: either long-term trends (e.g., Nilsson and
Elgered 2008; Wang et al. 2016) or diurnal and sub-
diurnal cycles (e.g., Dai et al. 2002; Pramualsakdikul
et al. 2007). The intra-seasonal variability of GPS-
PWYV has been tackled only in a few studies, either
being analyzed among a broad range of temporal
scales or used to support results from other PWV data-
sets (Bock et al. 2007, 2008; Poan et al. 2013). Such
a bimodal distribution of GPS-PWYV studies in time
scale is not surprising as the most important advantag-
es of the GPS-PWV technique, in comparison to other
PWV-sensing techniques such as radiosondes and
satellite-borne sensors, are high temporal resolution
and long-term stability. However, in order to fully ex-
ploit the continuous records of high-resolution GPS-
PWYV data over long periods of time, the understand-
ing and isolation of the intermediate-frequency signals
such as intra-seasonal variability contained therein are
also essential.

Therefore, in this study, we present an approach of
analyzing ZWD data from a regional cGPS network—
the Sumatran GPS Array (SuGAr)-to demonstrate
that such network, with the help of reanalysis datasets,
can be useful for investigating the intra-seasonal
variability of PWV as well as its driving mechanisms.
We use the ZWD time series that are by-products of a
regular geodetic-quality processing routine as a proxy
for PWV wvariations so that auxiliary meteorological
data are not required to derive PWV from ZWD. Our
approach is particularly cost-effective if applied to
the large number of existing cGPS networks that were
not originally established for atmospheric purposes
(Blewitt et al. 2018).

The SuGAr was initially established in 2002 for
tectonic and earthquake studies, and thus, it has been
well known and mostly used for studying deforma-
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tions related to a series of recent great earthquakes
along the Sumatran subduction zone (e.g., Feng et al.
2015). The network spans latitudinally from 5°N to
6°S, straddling the equator, with the majority of the
GPS stations located on the Sumatran forearc islands
and the west coast of Sumatra (Fig. 1). Coincidentally,
Sumatra and its forearc islands lie along the western
periphery of the Maritime Continent (Ramage 1968)—
the “boiler box” of the atmosphere that produces the
world’s largest regional rainfall (e.g., Qian 2008;
Yamanaka 2016; Yamanaka et al. 2018). Although the
uneven spatial distribution of the SuGAr might not be
optimal for atmospheric observations, the longitudinal
location, long latitudinal span, and minute-scale high
temporal resolution collectively make the SuGAr a
valuable and cost-effective moisture-sensing network
for investigating multiscale atmosphere processes
that affect the western Maritime Continent. Thus far,
the SuGAr and other GPS stations in Sumatra and its
forearc islands have been mainly used to study diurnal
cycles (Wu et al. 2003, 2008; Fujita et al. 2011; Torri
et al. 2019). To the best of our knowledge, no one
has yet used these stations to study intra-seasonal
variability. Both global and regional lack of GPS-
PWYV intra-seasonal studies motivate us to focus on
intra-seasonal variability in this paper.

The climate over Sumatra exhibits seasonal vari-
ations due to the Asian-Australian monsoon (e.g.,
Chang et al. 2005). Monsoonal rainfall over southern
Sumatra peaks during the Australian summer monsoon
season (December to March), whereas northern
Sumatra experiences a double-peak rainfall season-
ality in northern fall (October to November) and
northern spring (March to May) (e.g., Hamada et al.
2002; Aldrian and Susanto 2003). Despite differing
annual peaks, both northern and southern Sumatra
experience a concurrent dry season when the Asian
summer monsoon dominates during northern summer
(June to September) (e.g., Hamada et al. 2002; Aldri-
an and Susanto 2003). Here, we focus on the intra-
seasonal variability of this dry season over Sumatra as
droughts tend to occur in this dry season, leading to
adverse socio-economic consequences such as water
shortages, crop reduction, and increased risk of fires
and transboundary haze. However, because intra-
seasonal variability over Sumatra can be modulated by
inter-annual variability driven predominantly by the
El Nifio-Southern Oscillation (ENSO) (e.g., Hendon
2003) and Indian Ocean Dipole (IOD) (Saji et al.
1999), we choose for our case study 2008, when the
dry season was not strongly influenced by either the
ENSO or IOD.
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In the rest of the paper, we first document the de-
tails of our methods, including GPS processing, ZWD
estimation, PWV derivation and comparison, rotated
EOF analysis, and linear regression analysis in Sec-
tion 2. We then present and discuss our results for the
2008 northern summer in Sections 3 and 4. In Section
3, we show that the first mode of the intra-seasonal
ZWD variability is driven by the South Asian Summer
Monsoon, confirming that active South Asian mon-
soon spells lead to dry conditions over Sumatra. In
Section 4, we show that the second mode is caused
by extratropical dry-air intrusions associated with
eastward-traveling extratropical Rossby waves, pro-
viding the first in-situ evidence for extratropical dry-
air intrusions reaching equatorial latitudes within 5°
south of the equator over the Maritime Continent. In
Section 5, we present our additional results for the
2016 and 2017 northern summers, which support our
main conclusions for 2008.

2. Methods

2.1 GPS data and processing for estimating ZWD

We processed the daily GPS Receiver Independent
Exchange Format (RINEX) files using the GPS-
Inferred Positioning System and Orbit Analysis
Simulation Software (GIPSY-OASIS) version 6.2
developed at the Jet Propulsion Laboratory (JPL)
(Zumberge et al. 1997). GIPSY implements the pre-
cise point positioning approach in which the carrier
phase and pseudorange data from a single receiver
are used to estimate the parameters specific for this
receiver, while satellite orbit and clock parameters are
held fixed at their values determined in a global solu-
tion. We used the JPL final precise satellite orbit and
clock products, which are routinely generated by the
JPL as part of their International GNSS Service (IGS)
global network analysis. GIPSY uses undifferenced
data so that absolute ZWD values can be obtained for
individual stations.

As the full details of the GPS processing strategy
have been provided in Feng et al. (2015), here we
outline and highlight only the procedures central to
the ZWD estimation, which are essentially described
by Eq. (1) (Bar-Sever et al. 1998)

STD = M, (¢)ZHD + M, (e) [ZWD
+ cote(G, cosy + G, siny)], (1)

where STD is the slant total delay in the neutral
atmosphere, ZHD is the zenith hydrostatic delay, e is
the elevation angle measured from the local horizon to
the line of sight, M, (e) and M, (e) are hydrostatic and
wet mapping functions, G, and G, are north and east
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Fig. 1. Map of the SuGAr network. The SuGAr was first established in 2002 with only six stations installed at and

south of the equator. The network was densified and expanded almost every year (except in 2003 and 2009) until
2014. More information about the SUGAr and its history can be found in Feng et al. (2015). Red symbols indicate
the 22 GPS stations (21 SuGAr stations and 1 IGS station) used for the 2008 case study, while white circles repre-
sent SuGAr stations that were not operating or nonexistent during the 2008 northern summer.

tropospheric horizontal gradients, and y is the azimuth
angle measured clockwise from the north.

GIPSY uses a model that does not require any sur-
face meteorological data to calculate an a priori ZHD.
We held this nominal ZHD fixed during processing
while estimating the time-varying ZWD as a stochas-
tic random-walk process with a sigma of 5 x 10
km s (= 3 mm h"?) using a Kalman filter tech-
nique (Tralli and Lichten 1990). To account for the
azimuthal variability of the atmosphere, we estimated
tropospheric horizontal gradients as random-walk
parameters with their sigma as 5 x 10° km s (=
0.3 mm h ") (Bar-Sever et al. 1998). To minimize
the effects of multipath and atmospheric propagation
errors at low elevation angles, we used the updated
Vienna mapping functions in a grid file database
(VMFI1GRID) (Boehm et al. 2006) to relate ZHD,
ZWD, and horizontal gradients in the zenith direc-
tion to slant delays at elevation angles down to 7°

(Bar-Sever et al. 1998).

We estimated the time-varying ZWD every 5 min
or 10 min depending on whether the GPS data were
collected at a sampling rate of 15 s or 2 min. There-
fore, the resulting ZWD time series have a temporal
resolution of either 5 min or 10 min. With focus on in-
tra-seasonal variabilities that have a period longer than
one day, we calculated daily averages and removed
the time-mean for all ZWD time series. We disregard-
ed stations that had > 20 % missing data. For stations
that missed a small number of values at discrete times,
we filled their gaps using linear interpolation.

2.2 ZWD as a proxy for PWV

As the utility of ground-based GPS stations for
PWYV studies is partially hampered by the need for
auxiliary meteorological data to convert from ZWD
to PWV, many efforts have been spent on developing
optimal methods of incorporating meteorological data
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to derive more accurate PWV (e.g., Wang et al. 2007).
As opposed to these efforts, we use ZWD directly for
our analysis because our objective is to investigate
the variability (not absolute value) of PWV. We show
in this section that the GIPSY-estimated ZWD time
series for SuGAr stations on a daily time scale are
linearly related to the PWV time series converted
from ZWD using more sophisticated approaches that
incorporate auxiliary meteorological data.

ZWD typically accounts for ~ 10 % of the zenith
total delay in the neutral atmosphere, so the accurate
estimation of ZWD requires the precise determination
of the remaining delay-ZHD, which is caused by
the induced dipole moments of dry gases and water
vapor (Davis et al. 1985). ZHD can be accurately
inferred from surface air pressure (P,) measured
using well-calibrated barometers (Hopeld 1971), but
pressure gauges collocated with GPS stations are rare.
In most cases, P, has to be interpolated from nearby
meteorological measurements or model calculations
with lower, albeit adequate, accuracy. In practice,
most GPS processing packages simply utilize empiri-
cal models without P, measurements to calculate an a
priori ZHD so that ZWD is estimated as a correction
to this nominal value.

For the case of GIPSY, the a priori ZHD was com-
puted using Eq. (2) (Tralli et al. 1988)

ZHD = 2.27P, =227 x 1.013¢ """, ()

where ZHD [m] is a linear function of surface atmo-
spheric pressure P, [bar] and P, is approximated as an
exponential function of station height /# [m]. Because
1.013 bars is sea level pressure, 4 ideally should be
the height above mean sea level or the geoid, but in
practice, the height above the GRSS80 ellipsoid is
adopted for 4. The GIPSY ZHD equation requires no
surface pressure data and assumes the same gravity
(thus the same linear slope) everywhere, so it is easy
to implement and is well suited for precise position-
ing, but meanwhile, such simplification inevitably
sacrifices some degree of accuracy. Any error in the a
priori ZHD is absorbed into ZWD estimations.

In order to assess the impact of the a priori ZHD
value, we calculated daily ZHD time series for our
study period using the more involved Saastamoinen
model (Saastamoinen 1972) that accounts for the
slight variation in gravity with station latitude ¢
[degree] and height /# [m]

B 2.2768P,
1-0.00266cos 2¢ —2.8x10 " A’

ZHD 3)

Because no pressure measurements were made at
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the SuGAr stations, we obtained daily averaged P,
for each station using the nearest grid point from
the National Centers for Environmental Prediction
(NCEP) Climate Forecast System Reanalysis (CFSR)
6-hourly 0.5° x 0.5° reanalysis products (Saha et al.
2010) and the European Centre for Medium-Range
Weather Forecasts (ECMWF) ERA-Interim 6-hourly
0.5° x 0.5° reanalysis products (Dee et al. 2011). The
differences between the GIPSY a priori ZHD value
and CFSR or ERA-Interim ZHD time series were then
used to correct the GIPSY ZWD estimations to obtain
the CFSR-corrected or ERA-Interim-corrected ZWD
time series.

ZWD can be converted to PWYV via a dimensionless
conversion factor IT (Bevis et al. 1994)

PWV =1II x ZWD, “4)

where PWV and ZWD are in the same unit of length
and IT is given by Askne and Nordius (1987)

10°

M=— "

©)

where p, (= 1000 kg m ) is the density of liquid
water, R, (= 461.5 J kg'' K'") is the specific gas
constant for water vapor, k; (= 3739 + 12 K* Pa’')
and &, (= 0.221 4 0.022 K Pa ') are the refractivity
constants (Bevis et al. 1994), and T, is the water-
vapor-weighted mean temperature of the atmosphere,
which is defined based on the mean value theorem in
Davis et al. (1985) as

ey
- fh sz’
f mp Sdz
n T
where 4 is the station height, p, is the partial pressure
of water vapor, and 7 [K] is the absolute temperature.
With the values of p,, R,, k;, and &} given as con-
stants, 7,, becomes the only changing parameter that
affects the value of I1. We calculated daily 7, for each
station through direct integration of Eq. (6) using the
daily averaged humidity and temperature profiles of
the nearest grid point obtained from the same CFSR
and ERA-Interim products that were used for obtain-
ing P,. We made no adjustments to correct the dis-
tance or height difference between GPS stations and
their corresponding grid points. We then combined the
CFSR-derived or ERA-Interim-derived T, time series
with the CFSR-corrected or ERA-Interim-corrected
ZWD time series that were obtained earlier to com-
pute the corresponding PWV time series.

(6)
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As II values for tropical stations stay almost con-
stant throughout all years (Manandhar et al. 2017),
we also multiplied the GIPSY ZWD estimations by a
constant IT of 0.163 to derive PWV directly without
any additional corrections. These GIPSY-derived
PWV time series show the same variations as the
CFSR-corrected and ERA-Interim-corrected PWV
time series, despite their differences in magnitude
(Fig. 2). The correlations of the GIPSY-estimated
ZWD time series with either the CFSR-corrected or
ERA-Interim-corrected PWV time series are > 0.99
for all our stations, suggesting that the ZWD that we
estimated with GIPSY can be directly used as a proxy
for PWV.

2.3 Comparisons of PWV with other datasets

Besides the ground-based GPS approach, many
other techniques have been developed to determine
PWYV, either in situ using balloon-borne radiosondes
or remotely from both ground and space using various
types of passive or active sensors (e.g., Kampfer
2013; Wulfmeyer et al. 2015). In order to validate our
GIPSY-derived PWYV time series, we compared them
with daily PWV from two other datasets that are
available. The first dataset is the Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) Level-3
Atmosphere Daily 1° x 1° Global Gridded Product
Collection 6.1 for Terra and Aqua satellites (King
et al. 2003). We averaged the Terra-MODIS and Aqua-
MODIS PWYV thermal infrared retrievals at grid points
closest to the SuGAr stations to obtain the MODIS-
derived PWYV for comparison. The second dataset is
the Remote Sensing Systems (RSS) Version 7 daily
0.25° x 0.25° binary products retrieved from a series
of satellite passive microwave radiometers using a
unified, physically based algorithm (Wentz 1997,
2013). We used the products of three radiometers that
were in orbit during our study period in 2008, includ-
ing the Special Sensor Microwave Imager (SSM/I)
onboard the United States Air Force Defense Mete-
orological Satellite Program (DMSP) satellite F13,
and the Special Sensor Microwave Imager Sounder
(SSMIS) onboard DMSP satellites F16 and F17.
We averaged the F13-SSM/I, F16-SSMIS, and F17-
SSMIS PWYV microwave retrievals at grid points clos-
est to the SuGAr stations to obtain the RSS-derived
PWV for comparison.

Although thermal infrared retrievals are affected
by the presence of clouds (e.g., Susskind et al. 2003),
passive microwave retrievals work under almost all
weather conditions, except for heavy precipitation,
but their accuracy is high only over ice-free oceans
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and degrades appreciably over land because of larger
and more variable surface emissivities (e.g., Mears
et al. 2015). By contrast, ground-based GPS is a 24-h
all-weather system because GPS satellites transmit
L-band microwave signals that pass through the
atmosphere without much signal attenuation (Spilker
1996). Therefore, land-based GPS networks com-
plement perfectly satellite-borne passive microwave
sensors that perform well only over the oceans.

Our GIPSY-derived PWYV time series show general
agreement in large-amplitude variations with both the
MODIS-derived and RSS-derived PWYV; however,
they have differences in small fluctuations (Fig. 3).
Because clouds are the norm in the tropics, the
MODIS thermal infrared technique missed more days
than the two microwave-based techniques, except
for an inland SuGAr station JMBI (Fig. 1) where
the RSS-derived PWV had more data gaps than the
MODIS-derived PWV (Fig. 3). The RSS grid points
used for JMBI were located east of Sumatra in a sea
area partially surrounded by islands. The land con-
tamination degraded the accuracy of the RSS retrieval
algorithm (Mears et al. 2015), likely causing the many
missing data of the RSS-derived PWV for JMBI. The
MODIS thermal infrared retrievals seem to overes-
timate high values compared to the GIPSY-derived
PWV (Fig. S1), whereas the RSS-derived retrievals
show no clear bias relative to the GIPSY-derived
PWV (Fig. S2). For all stations, the GIPSY-derived
PWYV is more consistent with the RSS-derived PWV
than the MODIS-derived PWV (Figs. 3, S1, S2),
suggesting that the two microwave-based techniques
are relatively consistent in coastal areas. The overall
agreement between GPS-PWV and microwave PWV
retrievals has also been shown for small islands in the
open ocean (Mears et al. 2015). Note that the absolute
values of our GIPSY-derived PWV may contain
biases as we did not apply any height and distance
adjustments, and MODIS-derived and RSS-derived
PWYV may also have their own biases (e.g., Prasad and
Singh 2009; Mears et al. 2015). A careful comparison
of PWYV datasets over Sumatra is a subject of a future

paper.

2.4 Spatiotemporal analysis using EOF and rotated
EOF

We used EOF analysis, also known as Principal
Component Analysis, to decompose the ZWD space-
time field into a set of mutually orthogonal spatial
patterns along with their associated mutually uncor-
related temporal variations. Although the spatial pat-
terns and temporal variations have many alternative
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Fig. 2. A comparison of PWYV derived from three different approaches that are all based on the GIPSY ZWD estima-
tions for the 2008 case study. The simplest approach multiplies the GIPSY ZWD estimations directly by a constant
IT of 0.163. The results of this linear approach are labeled as “GIPSY-derived PWV”. The two other approaches
are more sophisticated with a correction to ZHD using the Saastamoinen model and surface atmospheric pressure
from reanalysis data, and the calculation of the water-vapor-weighted mean temperature of the atmosphere (77,)
using reanalysis data. The results of the reanalysis approaches are labeled as “CFSR-corrected PWV” or “ERA-
Interim-corrected PWV” based on whether the NCEP CFSR or ECMWF ERA-Interim reanalysis products are
used. The PWV derived from these three approaches may all have some biases because no collocated surface pres-
sure measurements are available.
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may be subject to biases.
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Fig. 4. Fractional variance explained by the first
eight EOF modes of the 2008 case study. The
first, second, third, and fourth modes explain 66,
19, 6, and 2 % of the total variance, respectively.

names in various literatures, we refer to them as EOFs
and Expansion Coefficients (ECs), respectively. The
elements of EOFs are called loadings that represent
the covariances between each GPS station and each
EOF (Richman 1986), whereas the elements of ECs
indicate the strength of the corresponding EOF on
a given day. Because of the orthogonality condition
of EOFs, each pair of EOF and EC is regarded as a
mode of variability that explains a fraction of the total
variance in the ZWD field. We sorted the modes in de-
scending order of their contribution so that the lower
the mode is the more variance it explains. We find that
the first two modes explain 66 % and 19 % of the total
variance, respectively, totaling 85 %, in contrast with
6 % explained by the third mode, so we focus on in-
terpreting only the first two modes (Fig. 4). We further
rotated the EOFs using the Varimax criterion (Kaiser
1958), which finds a new orthonormal basis that
maximizes the spread of the variances along the axes
of the basis to achieve a simple structure (Richman
1986). The resulting rotated EOFs (REOFs) remain
orthogonal, but the corresponding rotated ECs (RECs)
have nonzero correlation. Note that flipping the signs
of both EOF and EC for a mode results in an alterna-
tive expression of the mode that also satisfies the EOF
solution. To be consistent with common sense, we
used the expression in which positive/negative (+/—)
loadings represent wetter/drier conditions.

EOF1 is one sign (—) across the whole network,
while EOF2 depicts a network-wide northwest-
southeast (+ —) dipole pattern (Figs. 5a, b). In com-
parison to the network-wide patterns obtained from
the EOF analysis, the rotated EOF analysis yields
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more localized patterns with REOF1 and REOF2
influencing primarily the northern and southern sta-
tions, respectively (Fig. 5). REC1 (Fig. 6a) and REC2
(Fig. 6b) also seem to separately capture the temporal
evolution of ZWD at the northern and southern
stations (Fig. S3). Localized patterns are often more
physically meaningful than network-wide patterns
(e.g., Hannachi et al. 2007). Thus, the rotated EOF
results are used in the rest of the paper for the physical
interpretation of ZWD variability, which, in turn, jus-
tifies the necessity of rotation for our case.

2.5 Linear regression analysis

The rotated EOF analysis is a purely mathematical
method without a physical basis; therefore, it does not
provide direct insight into the physical processes that
drive ZWD variability. In order to gain more insight,
we applied linear regression analysis both with and
without lags to investigate the relationships of our
obtained RECs with various atmospheric quantities in
the NCEP CFSR 6-hourly 0.5° x 0.5° products (Saha
etal. 2010).

We first calculated daily averages for each quantity
of interest at each grid point within a domain of
interest, which is either a much wider region than the
SuGAr network at a certain depth or a vertical profile.
We then constructed the linear regression between the
time series of a physical quantity Y(¢#) and RECI or
REC?2 at any grid point 7 in the domain as follows:

Y(1) = a; + b REC(1), (7

where q; is the regression constant and b; is the regres-
sion coefficient. We performed this linear regression
for all grid points within the domain, but we only
retained the results for those with sufficiently low
p-values (< 0.05) as only low p-values indicate the
statistically significant correlation of Y(¢) with REC.
If statistically significant linear correlations are found
between a REC and physical quantity at many loca-
tions within the domain, we plotted values of b, as
regression maps or profiles to show the pattern of
anomalies in Y associated with a standard REOF event
that has a unit strength (REC = 1).

3. The first mode REOF1: Monsoon variations

The obvious candidate responsible for the first
mode is the monsoon. The Asian-Australian monsoon
system has been traditionally divided into four inter-
linked subsystems, including the East Asian monsoon,
South Asian monsoon, western North Pacific mon-
soon, and Australian monsoon (Wang and LinHo
2002; Yim et al. 2014). The last three monsoon sub-
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Spatial pattern of the EOF and rotated EOF analysis for the 2008 case study. Both the color and size of the

circles indicate the loading of each mode at each station. (a) EOF1, (b) EOF2, (¢) REOF1, and (d) REOF2.

systems intersect at Sumatra, and the ZWD variability
over Sumatra is thus more likely influenced by those
three subsystems.

To quantify the large-scale variability of the South
Asian monsoon, western North Pacific monsoon,
and Australian monsoon, we constructed monsoon

circulation indices that measure low-level monsoon
trough vorticity in a unified approach (Yim et al.
2014). This approach uses the difference of 850-hPa
zonal winds (U850) averaged over a domain equator-
ward and another domain polarward of the monsoon
trough to express a north-south gradient of low-level
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zonal winds. We adopted U850 (5—15°N, 40—80°E)
minus U850 (20—30°N, 70—90°E) as the South Asian
monsoon index (Wang et al. 2001), U850 (5—15°N,
100—130°E) minus U850 (20—-35°N, 110—140°E) as
the western North Pacific monsoon index (Yim et al.
2014), and U850 (0—15°S, 90—130°E) minus U850
(20-30°S, 100—140°E) as the Australian monsoon
index (Yim et al. 2014). We obtained the zonal winds
from the NCEP CFSR 6-hourly 0.5° x 0.5° products
to compute the three regional monsoon indices.

To determine which subsystem best explains the
first mode, we smoothed REC1 and the three monsoon
indices with a 5-day running mean, and calculated
Pearson product-moment correlation coefficients
between RECI1 and the indices for lags ranging from
—30 days to 30 days. We obtain the highest correlation
coefficient of 0.75 when the South Asian monsoon
index leads REC1 by three days (red curve in Fig. 6e).
Slightly lower peak correlations of 0.53 and —0.64

are achieved when RECI leads the western North
Pacific monsoon index by 3 and 19 days, respectively
(blue curve in Fig. 6e). The lowest peak correlations
are found between the Australian monsoon index and
RECI, with their lead-lag correlations without strong
peaks (gray curve in Fig. 6¢), showing an expected
weaker association between the Australian monsoon,
inactive during northern summer, and REC1. By con-
trast, high peak correlations of REC1 with the South
Asian monsoon index and western North Pacific mon-
soon index suggest a strong association between the
first mode and the Asian summer monsoon (Fig. 6f),
though not necessarily implying immediate cause and
effect relations. We thus conducted linear regression
analysis for RECI1 derived from our ZWD data with
the PWYV, specific humidity, and winds taken from the
CFSR to further investigate the relationships between
RECI and the South Asian Summer Monsoon and
western North Pacific Summer Monsoon.
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The resulting PWV regression map shows that
Sumatra and its forearc islands experience drier-than-
usual conditions during a standard REOF1 event (Fig.
7a), consistent with the network-wide negative load-
ings of REOF1 (Fig. 5c). Centered over Sumatra, the
dry anomaly extends westward to 80°E in the equa-
torial Indian Ocean and eastward to western Borneo
(Fig. 7a). Vertically, as shown by the specific humidity
regression profiles that cut through the center of the
dry anomaly, it is mostly concentrated within the
middle troposphere between 750 hPa and 450 hPa,
not penetrating down to the atmospheric boundary
layer (Figs. 7b, c). This equatorial dry anomaly is
coupled with a wet anomaly located in the northern
part of the Arabian Sea, Indian subcontinent, and Bay
of Bengal (Fig. 7a). The coupled wet-dry anomalies
closely resemble previously identified key features
of composite outgoing longwave radiation (OLR)
anomalies obtained for active spells of the South
Asian Summer Monsoon (Rajeevan et al. 2010; Pai
et al. 2016)-OLR is often taken as a proxy for deep
convection and the associated rainfall because deep
convective clouds have cold tops that emit low OLR.
Specifically, the wet anomaly coincides approximately
with negative OLR (positive rainfall) anomalies along
the South Asian Summer Monsoon trough, whereas
the dry anomaly overlaps a large portion of positive
OLR (negative rainfall) anomalies that extend along
the equator roughly from 60°E in the Indian Ocean
to 140°E in the western Pacific (Rajeevan et al. 2010;
Pai et al. 2016). The close resemblance of the coupled
wet-dry anomalies to the composite OLR anomalies of
active spells leads us to suggest that these anomalies
are a feature associated with an active South Asian
Summer Monsoon. When the South Asian Summer
Monsoon is strong, abundant moisture converges into
its action center, producing intense convection, and at
the same time, dry conditions are brought to Sumatra,
suppressing convection. A reverse pattern in which the
South Asian Summer Monsoon convective region and
Sumatra experience dry and wet conditions, respec-
tively, dominates monsoon breaks, as suggested by
the OLR break composites (Rajeevan et al. 2010; Pai
et al. 2016). Thus, during northern summer, the mois-
ture conditions over Sumatra are always opposite to
those over the South Asian Summer Monsoon convec-
tion center. This locked inverse relationship explains
why the lead-lag correlations between REC1 and the
South Asian monsoon index have only one single
strong peak (red curve in Fig. 6e). Because the lead-
lag correlations between REC1 and the western North
Pacific monsoon index show two strong peaks instead
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of one (blue curve in Fig. 6e), we speculate that the
western North Pacific Summer Monsoon convective
region and Sumatra do not always behave oppositely.
Unfortunately, no similar composite studies have been
conducted for active spells and breaks of the western
North Pacific Summer Monsoon to corroborate our
speculation.

Geographically between the dry and wet anomalies,
a narrow belt of high-speed wind anomalies at 850
hPa blows eastward from the Arabian Sea via penin-
sular India to the Bay of Bengal (Fig. 8e). This belt
of fast-moving westerlies is part of a strong cross-
equatorial low-level jet stream (LLJ) (Findlater 1969a,
b) that attains its maximum speed of 10-25 m s at
850-925 hPa (Wilson et al. 2019). Developing only
during the months of the South Asian Summer Mon-
soon (Joseph et al. 2006), the LLJ picks up a large
amount of moisture over the Indian Ocean from both
hemispheres to feed the monsoon rainfall over South
Asia (Saha 1970; Cadet and Reverdin 1981). The
maximum winds of the LLJ lie along different lati-
tudes at different phases of the South Asian Summer
Monsoon: during monsoon onset, they flow east be-
tween the equator and peninsular India; during active
monsoon periods, they pass through peninsular India
near 15°N; and during monsoon breaks, they split into
two branches, with one blowing south of peninsular
India near 5°N and the other through north India near
25°N (Joseph and Sijikumar 2004). The fact that the
belt of high-speed wind anomalies enters peninsular
India between 10°N and 20°N (Fig. 8e) strongly sug-
gests the wind anomalies to be another manifestation
of an active South Asian Summer Monsoon.

The coupled wet-dry anomalies and in-between belt
of high-speed wind anomalies, together with our der-
ivation that the highest correlation is obtained when
lagging REC1 behind the South Asian monsoon index
by three days, lead us to conclude that the first mode
is driven by the South Asian Summer Monsoon with
a delay response of a few days. To examine how the
wet, dry, and wind anomalies evolve during the life
cycle of one standard REOF1 event, we additionally
lagged REC1 by —10 to 10 days for lead-lag linear
regression analysis with the CFSR PWV and winds
at 850 hPa (Fig. 8) and 600 hPa (Fig. 9). Note that we
use the wet anomaly as an indicator of the convective
activity of the South Asian Summer Monsoon.

On day —8, the wet anomaly emerges before other
anomalies appear (Fig. 8b), suggesting that the con-
vective heating of the South Asian Summer Monsoon
is the main engine that drives other processes. As the
wet anomaly grows bigger and stronger, the LLJ inten-
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in order to show the full picture of the circulation pattern.

sifies, with its core shifting northward from the south
of peninsular India to over peninsular India within
the next 2—3 days (Fig. 8c). A similar lag of 2—3 days
has been found between the convection over the Bay
of Bengal and 850-hPa zonal winds over both the
Arabian Sea (Srinivasan and Nanjundiah 2002) and
peninsular India (Joseph and Sijikumar 2004), with
more intense convection leading to stronger wester-
lies. The intensification of the LLJ can be understood
as a transient response to the sudden switch-on of an
off-equatorial heat source (Heckley and Gill 1984),
which is, in this case, the increased convective activity
over the wet anomaly. The intensified LLJ, in turn,
enhances the advection of moisture into the Indian
subcontinent and increases the cyclonic vorticity and
consequent low-level moisture convergence north
of the LLJ, both giving rise to further increased

convection (Srinivasan and Nanjundiah 2002; Joseph
and Sijikumar 2004). Therefore, the convection and
LLJ grow together in a positive feedback that takes
the South Asian Summer Monsoon to an active spell
(Joseph and Sijikumar 2004). Further east, monsoon
westerlies, although weaker than the LLJ, remain
dominant in the lower troposphere over the Indochina
peninsula and South China Sea during northern
summer (Okamoto et al. 2003), and they could extend
over to the western Pacific as far as 150°E (Ueda
et al. 1995). In response to the enhancement of the
South Asian Summer Monsoon convection and LLJ,
the westerlies in the east also strengthen, carrying an
increasing amount of moisture over the dry anomaly
eastward into the western North Pacific Summer
Monsoon region (Figs. 8c—e, 9c—e). These enhanced
westerlies, particularly those near 600 hPa (Figs.
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9c—e), are likely responsible for the development of
the dry anomaly that centers around 600 hPa (Figs. 7b,
c). After both the wet and dry anomalies reach their
maxima, a small, elongated wet anomaly emerges in
the western North Pacific Summer Monsoon region,
extending from the South China Sea to the Philippine
Sea on both sides of the Philippines (Fig. 8f). The
weakening of the South Asian Summer Monsoon
is accompanied by the strengthening of the western
North Pacific Summer Monsoon: the main wet anom-
aly gradually retreats to the foothills of the Himalayas,
and the LLJ progressively relaxes and curves clock-
wise, both consistent with rainfall and circulation pat-
terns during monsoon breaks (Joseph and Sijikumar
2004; Pai et al. 2016). The small wet anomaly and
associated westerlies to the south develop in a positive
feedback loop similar to the South Asian Summer
Monsoon, reaching their peak on day 5 (Fig. 8g). By
day 10, almost all anomalies have faded away (Fig.
81).

The development of the equatorial dry anomaly

cannot be explained by air-sea interactions associated
with sea surface temperature fluctuations (Lindzen and
Nigam 1987) as the dry anomaly does not extend to
the sea surface (Figs. 7b, ¢). On the basis of the anom-
aly evolution revealed in the lead-lag regression anal-
ysis, we suggest that the dry anomaly over Sumatra
and the eastern Indian Ocean acts as a moisture reser-
voir that can be pumped by the South Asian Summer
Monsoon through the monsoon westerlies over the
northern Indian Ocean and northern Maritime Con-
tinent to feed fresh moisture into the western North
Pacific Summer Monsoon (Figs. 9c—g). The westerly
moisture flux has been recognized as one of the major
moisture sources for the rainfall in the western North
Pacific Summer Monsoon region, in addition to the
easterly moisture flux originating from the eastern
North Pacific and the cross-equatorial southerly flux
from the southern Indian Ocean (e.g., Murakami et al.
1999; Ninomiya 1999; Hattori et al. 2005). Although
the primary source could be either the westerly or
easterly moisture flux depending on the stage of the
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western North Pacific Summer Monsoon (Murakami
et al. 1999; Ninomiya 1999; Hattori et al. 2005), we
suggest that when the South Asian Summer Monsoon
is strong enough to sustain the eastward propagation
of the convection into the western North Pacific
Summer Monsoon, the majority of the moisture feed-
ing into the western North Pacific Summer Monsoon
comes from the eastern Indian Ocean west of Suma-
tra. The South Asian Summer Monsoon and western
North Pacific Summer Monsoon have been shown
to be poorly correlated on the inter-annual scale;
however, the weak correlation does not imply that the
two monsoon subsystems are completely independent
(Wang and Fan 1999; Wang et al. 2001). Our results
illustrate how the two subsystems could be connected
on the intra-seasonal scale through monsoon circu-
lation and moisture transport during a strong South
Asian Summer Monsoon spell.

4. The second mode REOF2: Extratropical dry-
air intrusions

The mechanism for the second mode is less
clear. The influence of the second mode is confined
mainly to stations south of 2°S, with large negative
loadings at these southern stations and small positive
or negligible loadings at other stations (Fig. 5d).
Therefore, the second mode causes a dry anomaly
over the southern part of the SuGAr. Linear regression
analysis of REC2 with the CFSR PWV reveals that
this dry anomaly covers not only southern Sumatra
but also Java, part of Borneo, and their surrounding
seas, centered around 100.5°E, 6°S (Fig. 7d). Regres-
sion profiles of the CFSR specific humidity that cut
through the center of the dry anomaly indicate that the
dry anomaly extends vertically from 400 hPa down to
at least 900 hPa and may well penetrate into the atmo-
spheric boundary layer (Figs. 7e, f). Spectrum analysis
of REC2 exhibits a pronounced spectral peak at 15.25
days (Fig. 6d), in contrast to the spectrum of REC1
that has a comparable power spanning a wide range of
frequencies without one dominant frequency (Fig. 6¢).

To examine the origin of the REOF2 dry anomaly,
we employed three-dimensional (3D) trajectory anal-
ysis for two strongest REOF2 events on 21 June and
23 July 2008, identified by the two highest peaks of
REC2 (Fig. 6b). We used the Real-time Environmen-
tal Applications and Display sYstem (READY) (Rolph
et al. 2017) web version of the HYbrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) model
(Stein et al. 2015) provided by the National Oceanic
and Atmospheric Administration (NOAA) Air Re-
sources Laboratory for back trajectory analysis. We
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selected a 5 x 5 array of endpoints (black stars in
Figs. 10a, d) at three different pressure levels (620,
600, and 580 hPa) near the center of the dry anomaly
(red star in Figs. 7d—f) to represent the central air
parcels of both events. For both events starting from
their respective date, we calculated the trajectories
of all 75 endpoints backward for five days to identify
their source regions and understand the relative role of
advection and subsidence over the life cycle of these
events.

For both events, the dry-air parcels were traced
back to the Southern Hemisphere between 20°S and
30°S, where the parcels first moved eastward with
midlatitude westerlies, and later turned anticlockwise,
advecting equatorward (Figs. 10a, d). When moving
from midlatitudes to the tropics, the air parcels mean-
while subsided from the upper to middle troposphere
(Figs. 10b, e). During the whole process, the potential
temperature of the air parcels stayed relatively con-
stant within 320-330 K, indicating a quasi-adiabatic
process (Figs. 10c, f). For the air parcels to conserve
their potential temperature, they naturally descended
from the drier upper troposphere in midlatitudes to the
wetter midtroposphere in the tropics. The trajectory
results suggest that the REOF2 dry anomaly over
southern Sumatra is a result of dry-air intrusions from
the subtropics and extratropics into the tropics along
the downward sloping isentropes.

To investigate what dynamical mechanism causes
the observed dry-air intrusions, we applied various
lags to REC2 and regressed it with the CFSR potential
vorticity (PV) and winds on the 330 K isentropic
surface. The results show the characteristic pattern of
a Rossby wave train, with alternating areas of positive
and negative PV anomalies, and strong rotational
winds (Wirth et al. 2018) (Figs. 11, 12). The Rossby
wave train is a continuous around-globe zonal wave-
number-6 feature that moves eastward at a phase speed
of ~ 4° longitude day ' relative to the ground, with its
latitudinal location and propagation path guided by
the Southern Hemisphere westerly jet in the upper tro-
posphere (Hoskins and Ambrizzi 1993) (Fig. 12). The
vertical structure of this extratropical Rossby wave
train is equivalent barotropic, as shown by in-phase
anomalies throughout the troposphere (Fig. 13). The
mechanism that we find here for dry-air intrusions dif-
fers from the mechanism that Fukutomi and Yasunari
(2005) proposed to explain the low-level submonthly
southerly surges and related dry-air intrusions over
the eastern Indian Ocean, i.e., baroclinic development
of midlatitude Rossby waves in the subtropical jet
entrance region west of Australia. Moreover, our
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sphere. (a), (b), and (c) The REOF2 dry event on 21 June 2008. (d), (¢), and (f) The REOF2 dry event on 23 July

2008.

mechanism and the mechanism proposed by Fukutomi
and Yasunari (2005) are different from Rossby wave
breaking and subtropical anticyclones that have been
used to explain dry-air intrusions over the tropical
western Pacific (Yoneyama and Parsons 1999) and
western Africa (Roca et al. 2005), respectively. In
addition, dry-air intrusions have been observed

over Sumatra near the equator following eastward-
propagating synoptic-scale cloud systems, but these
cloud systems were associated with equatorial Kelvin
waves rather than extratropical Rossby waves (Murata
et al. 2006).

On day —15, a strong southeasterly airflow on
the eastern flank of the positive PV anomaly west of
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Lead-lag linear regression regional maps for REOF2 of the 2008 northern summer based on the CFSR re-

analysis data. These maps show potential vorticity anomalies and wind anomalies on the 330 K isentropic surface
and PWV anomalies when REC2 is lagged by different numbers of days, indicating how the REOF2 dry anomaly
over southern Sumatra and Java evolves because of the eastward propagation of Rossby waves during a standard
REOF?2 event. Copperish contours represent negative PWV anomalies, similar to reddish contours in Fig. 7d.

Australia blows directly to southern Sumatra and Java,
brings extratropical dry air, and thus causes a dry
anomaly in these tropical regions (Fig. 11a). As this
positive PV anomaly propagates eastward, the asso-
ciated southeasterlies introduce another dry anomaly
in northern Australia and the southeastern part of the
Maritime Continent. Meanwhile, the dry anomaly
over southern Sumatra and Java moves westward
and disappears gradually (Figs. 11b—e). When the
next positive PV anomaly approaches the west coast
of Australia, southeasterlies blow toward southern
Sumatra and Java again (Figs. 11f, g). On day 0, the
positive and negative PV anomalies return to their
locations on day —15, although the positive anomaly
west of Australia was weaker because of weakened
westerlies (Figs. 11g, 12¢). The 15-day return period is
consistent with the spectral peak of 15.25 days that we

find in REC2. Similar quasi-biweekly variability has
been observed in strong 850-hPa meridional surges
over an ocean area (purple box in Fig. 12) southwest
of Sumatra (Fukutomi and Yasunari 2005). The strong
low-level meridional surges are likely the manifes-
tation of midlatitude Rossby waves in the tropical
lower troposphere. Note that the nature of the quasi-
biweekly variability that we observe here is distinct
from the commonly referred quasi-biweekly mode
driven by westward-propagating equatorial Rossby
waves (e.g., Chatterjee and Goswami 2004).

We conclude that the second mode of the ZWD
variability over Sumatra during the 2008 northern
summer is controlled by the eastward-propagating
quasi-biweekly fluctuation of barotropic Rossby waves
originating along the Southern Hemisphere midlati-
tudes. When the southerlies or southeasterlies asso-
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Fig. 12. Lead-lag linear regression global maps for REOF2 of the 2008 northern summer based on the CFSR re-
analysis data. These maps show potential vorticity anomalies and wind anomalies on the 330 K isentropic surface,
and PWV anomalies when REC2 is lagged by different numbers of days, indicating the evolution of Rossby waves
during two quasi-biweekly life cycles of a standard REOF2 event. Copperish contours represent negative PWV
anomalies, similar to reddish contours in Fig. 7d. Light bluish contours represent positive PWV anomalies, similar
to bluish contours in Fig. 7d. The purple box (17.5-2.5°S, 87.5-97.5°E) over the tropical eastern Indian Ocean
southwest of Sumatra outlines a key region that has local maximum meridional wind variance at 850 hPa on sub-
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ciated with positive PV anomalies are strengthened
and directed to Sumatra, the SuGAr records an
intense dry-air intrusion event. Our regional study
also suggests that similar dry-air intrusions (shown
as copperish contours in Fig. 12) can be expected to
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occur in other Southern Hemisphere tropical regions
such as southern Maritime Continent, Australia, South
America, and South Africa as long as midlatitude
Rossby waves provide favorable meridional airflows.
Conversely, tropical wet-air intrusions (shown as light



524 Journal of the Meteorological Society of Japan
e
g I IO\
g 4
e

Vol. 99, No. 2

o®

L
-20 0 20 40 60 80

(K)

Potential temperature

Potential temperature (K)

2 6
4
-40 -20

-60
VARV

G

|

f

o
2

I
o
Potential vorticity (PVU)

N

|
n

I | I I

Ay

TV

Potential temperature (K)

0 160 180 -160 -140 -120 -100 -80 -60 -40 -20

= v A S

2,

"w Y
i’

-4

-6

(K)

Potential temperature

|
"

i

L N

/ /\/0“/\? AL P o

-60 -40 -20
R
(ot

e: Day +15

)

60 80 100 120 140 160 180

-160 -140 -120 -100 -80 -60 -40 -20

Longitude (°)

Fig. 13.

Lead-lag linear regression global profiles for REOF2 of the 2008 northern summer based on the CFSR re-

analysis data. These maps show potential vorticity anomalies along a global profile of 35° when REC2 is lagged
by different numbers of days, indicating the evolution of the vertical structure of midlatitude Rossby waves during
two quasi-biweekly life cycles of a standard REOF2 event.

bluish contours in Fig. 12) can be brought by the same
midlatitude Rossby waves to extratropical regions.

5. How unique is the 2008 northern summer?

To test whether the South Asian Summer Monsoon
and extratropical dry-air intrusions can explain the
summer intra-seasonal variability of SuGAr ZWD in
other years, we applied the same procedures to years

ranging from 2005 to 2018. Most of the years show
characteristics different from those of 2008 because
they were strongly affected by inter-annual variabili-
ties such as ENSO and IOD (not shown or discussed
in this paper). However, we find that the summertime
ZWD variations over Sumatra in 2016 and 2017 were
also controlled by the South Asian Summer Monsoon
and additionally influenced by extratropical dry-air
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Fig. 14. Linear regression results for both REOF1 and REOF2 of the 2016 northern summer. Similar to Fig. 7.

intrusions due to midlatitude Rossby waves despite
the difference in station availability (Figs. 5, S4, S5).
The 2008, 2016, and 2017 northern summers share
similar horizontal and vertical extent of the REOF1
dry anomaly (Figs. 7a—c, 14a—c, 15a—c). The spatial

extent of the two REOF1 wet anomalies over the
monsoon regions, however, is different: for the pri-
mary wet anomaly, the 2016 one covers more oceanic
region in the Arabian Sea, and the 2017 one shrinks to
the northern Arabian Sea and northwestern India (Figs.
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Fig. 15. Linear regression results for both REOF1 and REOF2 of the 2017 northern summer. Similar to Fig. 7.

7a, 14a, 15a); for the secondary wet anomaly, the
2016 one is concentrated over the East Asian Summer
Monsoon region rather than the western North Pacific
Summer Monsoon region, and the 2017 one is mostly
over the South China Sea (Figs. 9, 16, 17). In addi-

tion, the lag days for peak correlations between REC1
and the South Asian monsoon index or western North
Pacific monsoon index differ slightly; however, the
sequence that the South Asian monsoon index leads
REC1 and RECI leads the western North Pacific
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Fig. 16. Lead-lag linear regression maps for REOF1 of the 2016 northern summer. Similar to Fig. 9 but with differ-
ent lags.

monsoon index does not change (Figs. 6e, 18e, 19¢).  of the dry air in the subtropical and extratropical
The spatial and peak lag differences do not affect  upper troposphere (Figs. 10, 20, 21). Interestingly,
much the evolution of the wet, dry, and wind anom-  the REOF2 event on 26 July 2016 shows that the dry
alies during a REOF1 event in which the increased  air could also come from northern Australia where
activity of the South Asian Summer Monsoon likely  extratropical dry-air intrusions occur likely even more
drives more moisture over Sumatra and the eastern  frequently than those that we observe over southern
Indian Ocean into the western North Pacific Summer ~ Sumatra (Fig. 20a). Lead-lag regression analysis
Monsoon system or even further north into the East  shows that the REOF2 dry events in 2016 and 2017
Asian Summer Monsoon system (Figs. 9, 16, 17).  were also caused by Rossby waves propagating in
The tropical western North Pacific Summer Monsoon  the southern midlatitudes, but how the REOF2 dry
and subtropical and extratropical East Asian Summer  anomaly and Rossby waves evolve during a REOF2
Monsoon are closely linked and behave relatively  event is considerably different for the three summers
coherently, with the negative western North Pacific =~ (Figs. 11-13, S6-S11). Although the quasi-biweekly
monsoon index representing well the main variability ~ oscillation of REC2 was extremely strong in 2008, it
of the East Asian Summer Monsoon (Wang et al.  was nonexistent in 2016 and 2017 and replaced by a
2008). broader and weaker spectral peak near the period of

The REOF2 dry anomaly is also spatially similar ~ 10—15 days (Figs. 6d, 18d, 19d). We suspect that the
for the three summers (Figs. 7d—f, 14d—f, 15d—f). = Southern Hemisphere Rossby waves were so strong
Back trajectory results for four strong REOF2 events,  in 2008 that they brought frequent dry-air intrusion
two each in 2016 and 2017, show a consistent origin ~ events to southern Sumatra and they were weaker in
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Fig. 17. Lead-lag linear regression maps for REOF1 of the 2017 northern summer. Similar to Fig. 9 but with differ-
ent lags.

both 2016 and 2017 so that there were not enough  and extratropical dry-air intrusions imposed intra-
events to establish the periodicity in our SuGAr data. seasonal synoptic-scale dry anomalies over Sumatra,
therefore, contributing to the dryness that Sumatra
experienced during its dry season in northern summer.

In this study, we used ZWD time series estimated  If these events are intense and either long-lived or
from a regular geodetic-quality processing routine  frequent, they can cause droughts to develop and

6. Conclusions

as a direct proxy for PWV to track the summer intra-  potentially persist in Sumatra. In Sumatra and its
seasonal variability of PWV over Sumatra, and to  vicinity, droughts, particularly the severe ones, are
probe the underlying atmospheric processes that con-  commonly associated with modes of inter-annual

trol the variability. We applied rotated EOF analysis  variability, including the warm phase of the ENSO (EI
to decompose the summertime spatiotemporal field  Nifio), when the convection center migrates from the
of ZWD and investigated the mechanisms behind the =~ Maritime Continent eastward into the Pacific, and the
two most important modes. We find that the SUGAr  positive phase of the IOD, when the convection center
ZWD observations during the northern summers of  shifts westward from the eastern to western Indian
2008, 2016, and 2017 shared similar features, with the ~ Ocean (e.g., Hamada et al. 2008, 2012; Supari et al.
variability primarily controlled by variations of the  2018). However, our results suggest that droughts in
South Asian Summer Monsoon and additionally influ-  Sumatra could also result from intra-seasonal variabil-
enced by dry-air intrusions caused by Rossby waves ity induced by the active South Asian Summer Mon-
propagating in the Southern Hemisphere midlatitudes. soon and extratropical dry-air intrusions, though more

Both active South Asian Summer Monsoon spells  research is required to confirm the causal relationship.
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Fig. 19. Analysis of REC1 and REC2 for the 2017 northern summer. Similar to Fig. 6.

Extratropical dry-air intrusions have been most ex-
tensively studied in the equatorial western Pacific (e.g.,
Numaguti et al. 1995; Yoneyama and Parsons 1999;
Yoneyama 2003; Cau et al. 2005; Randel et al. 2016;
Rieckh et al. 2017). However, extratropical dry-air
intrusions in the eastern Indian Ocean and Maritime
Continent have received relatively little attention to
date. Using five-year relative humidity (RH) observa-
tions from the Atmospheric Infrared Sounder (AIRS)
onboard the Aqua satellite, Casey et al. (2009) provid-

ed the global climatology on the occurrence, frequen-
cy, and source of dry layers (RH < 20 %) between
600 hPa and 400 hPa over warm tropical oceans. They
found high-occurrence (20—40 %) of dry layers over
the eastern Indian Ocean southwest of Sumatra during
JJA and SON. This high-occurrence region coincides
with the location of the dry anomaly of our second
mode (Fig. 7d). Casey et al. (2009) also conducted
back trajectory models and traced the source of mid-
level dry layers over the eastern Indian Ocean back to
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Fig. 20. Back trajectory results for the REOF2 dry events on 26 July 2016 and 3 August 2016 (Fig. 18). Similar to
Fig. 10, except that the July event was traced backward for eight days, and the August event for four days.

the subtropics, but they did not provide a mechanism.
Using reanalysis and OLR data, Fukutomi and Yasu-
nari (2005) associated extratropical dry-air intrusions
with low-level submonthly southerly surges over the
eastern Indian Ocean and suggested baroclinic devel-
opment of midlatitude Rossby waves as a mechanism.
By contrast, our study with the SuGAr data suggests

barotropic Rossby waves traveling in the Southern
Hemisphere midlatitudes to be a possible mechanism
for transporting extratropical dry air to the tropics.
As the first ground-based GPS data used for studying
dry-air intrusions, the local SuGAr data provide new
in-situ evidence that extratropical dry-air intrusions
reach the deep tropics within 5° south of the equator
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Fig. 21. Back trajectory results for the REOF2 dry events on 3 August 2017 and 12 September 2017 (Fig. 19). Simi-

lar to Fig. 10, except that both events were traced backward for eight days.

over the Maritime Continent. More modeling, analy-
sis, and observation studies are required to reveal the
extent, frequency, and mechanism of dry-air intrusions
from the Southern Hemisphere into Southeast Asia,
and their impact on tropical convections.

Supplements

Supplement | contains additional figures to support
the main text.

Figure S1: Scatter diagram between the GIPSY-
derived and MODIS-derived daily PWVs from June
to September in 2008 for 22 GPS stations. Their time
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series are shown as black and blue lines, respectively,
in Fig. 3. The MODIS thermal infrared retrievals seem
to overestimate high values compared to the GIPSY-
derived PWV. MODIS PWYV overestimation has also
been found over India (Prasad and Singh 2009).

Figure S2: Scatter diagram between the GIPSY-
derived and RSS-derived daily PWVs from June to
September in 2008 for 22 GPS stations. Their time
series are shown as black and red lines, respectively,
in Fig. 3. The GIPSY-derived and RSS-derived esti-
mations show no clear bias.

Figure S3: Time series reconstruction using the
leading two modes for the 2008 case study. Coloured
lines with dots represent the daily ZWD time series
we obtained for a total of 22 GPS stations. As we are
interested only in variability, we added an arbitrary
offset to each time series, and plot them according to
their locations, roughly from north to south except
NTUS. Black thin lines show the reconstructions
using individual modes: (a) ECI, (b) EC2, (c) RECI1
and (d) REC2.

Figure S4: Spatial pattern of EOF and rotated EOF
analysis for the 32 SuGAr stations used in the north-
ern summer 2016 study. Similar to Fig. 5.

Figure S5: Spatial pattern of EOF and rotated EOF
analysis for the 25 SuGAr stations used in the north-
ern summer 2017 study. Similar to Fig. 5.

Figure S6: Lead-lag linear regression maps for the
REOF2 of the northern summer 2016. Similar to Fig.
11 but with different lags.

Figure S7: Lead-lag linear regression maps for the
REOF2 of the northern summer 2017. Similar to Fig.
11 but with different lags.

Figure S8: Lead-lag linear regression maps for the
REOF2 of the northern summer 2016. Similar to Fig.
12 but with different lags.

Figure S9: Lead-lag linear regression maps for the
REOF2 of the northern summer 2017. Similar to Fig.
12 but with different lags.

Figure S10: Lead-lag linear regression profiles for
the REOF2 of the northern summer 2016. Similar to
Fig. 13 but with different lags.

Figure S11: Lead-lag linear regression profiles for
2017. Similar to Fig. 13 but with different lags.
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