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Abstract. The pattern of evaporative sources and the di-1 Introduction

rection of the large-scale circulation over the Indian Ocean

during the boreal summer raises the question of whether attpe |ndian summer monsoon displays huge variability with
mospheric conditions in Australia could influence conditions jnterannual and intraseasonal components, though there are
over the Indian subcontinent, despite the long passage of aigaried opinions on how much of the interannual monsoon
over the Indian Ocean. The authors propose that such an inzariapility is the mean expression of intraseasonal variabil-
fluence is sometimes possible when there is unusually 10wty and how much of the intraseasonal variability is actu-
through the mechanism where such a temperature extrem@ogonal functions have yielded different results. Some find-
enhances evaporation rate over the eastern tropical Indiaggs favour intraseasonal dominance (&gswami and Mo-
Ocean and hence enhances rainfall over two regions in weshay 2001 Lawrence and Webste2003), others favour in-

ern India after 13-19 days. Results from trajectory calcula-erannual dominance (e.@ingh et al. 1992 Annamalai
tions indicate that such an influence is mechanistically feat 51, 1999 Sperber et a)200Q Krishnamurthy and Shukja
sible, W?th air of. Australian .or'igir) contributing 0.5-1.5% 200(). Although opinions vary on the extent of their influ-

of the climatological net precipitation for monsoon seasonalence, it is generally agreed upon that interannual phenomena
rainfall over western India. Statistics performed on reanaly-gych as the EI Nino-Southern Oscillation (ENS@pémus-

sis, satellite and in situ data are consistent with such a mechson and Carpente983 and Indian Ocean Dipole (I0D)
anism. Since extreme winter temperature in Australia is of-(saji et al, 1999 have significant influence on Indian mon-
ten associated with cold-air outbreaks, the described mechason rajnfall. ENSO and 10D are measured by the various
nism may be an example of how southern hemispheric mid\jing indices (se¢fanley et al, 2003 for a comparison) and
latitude weather can influence northern hemispheric monyne pipole Mode Index (DMI) respectively.

soon rainfall. Further study is recommended through mod- The above-mentioned literature focused on tropical cli-

elling and comparison with various known causes of atmo-___.. . . ; .

. L : . matic patterns. Other studies consider northern hemispheric
spheric variability to confirm the existence of such a mecha-. fl h h h X
nism and determine the extent of its influence during specificIn uences on the Monsoon, such as the Eura_5|an Snow cover
low temperature episodes (Hahn and Shuklal976 Kripalani and Kulkarnj1999 Liu

P P ' and Yanai 2002. Less has been said about interaction be-

tween the Southern Hemisphere and Indian monsoon. There
are works that investigated the reverse influence of monsoon
variability in northern Australia, e.dMatsumoto(1992 and
Krishnamurti et al.(1995. The Indian summer monsoon
is correlated with the next Australian summer monsoon in

both onset dateJpseph et al.199]) and strengthGregory
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670 S.-Y. Lee and T.-Y. Koh: Australia-India teleconnection

1991). Meehl (1987 1997 explains this relationship as due same-season Indian monsoon is enhanced via increase in
to the intense convection in a strong Indian monsoon migratevaporation over eastern tropical Indian Ocean (henceforth
ing southeast to Australia as the year progresses, producinustralia-Indian teleconnection”). If there is such an influ-
a strong Australian monsoon. Incidentally, there is no anal-ence, it should be present only in regions of India where air
ogous effect of Australian monsoon on the next Indian sum-parcels originating from Australia pass over the Indian Ocean
mer monsoonHkung et al, 2004). and directly offload their moisture content onto India. Back-

As for the influence of the Southern Hemisphere on In-trajectory calculations will be employed to test the mecha-
dian monsoon variability, it is known that the sea surfacenistic realism of such the hypothetical mechanism. Reanaly-
temperature (SST) near Australia influences Indian monsoorsis, satellite and in-situ data will be examined for consistency
rainfall. The example of SST influence reportedNiicholls ~ with the hypothesis.
(1999 appears to be part of the ENSO/IOD pattern,®lairk
et al. (2000 showed that after excluding ENSO influences, 2.1 Organisation
the preceding boreal spring SST north of Australia does have
a residual impact on Indian monsoon rainfall. This paper is organised as follows: Se®provides the de-

So, not detracting from the important influence of tropical tails of the data and methods adopted in this research, leaving
climatic variations like ENSO and 10D, and the influence of Sect.4 to focus on the main results and their interpretation.
austral tropical SST on Indian summer monsoon, this papef he key conclusions are stated in Sect. 5.
aims to show that there may exist a dynamically plausible
way for Australian weather to influence Indian summer mon-
soon. If so, further investigation into this possibility would 3 Data and methodology
be warranted.

3.1 Back-trajectory calculations

2 Motivation Back-trajectories are calculated for up to 30 days using 6-
hourly winds from the NCEP/ NCAR Reanalysis 1 (hence-
The tropical Indian Ocean is known to be a major source offorth “NNRP”, Kalnay et al, 1996 download url listed under
the water vapour arriving on the Indian Subcontinent dur-NNRP (2012 in the Bibliography) at horizontal resolution
ing the boreal summer (e.@imeno et al.201Q Stohl and  2.5° x 2.5° and 12 pressure levels (1000, 925, 850, 700, 600,
James2009. The shape of the evaporative pattern over the500, 400, 300, 250, 200, 150, and 100 mb), using the tra-
Indian Ocean, which appears to follow the large-scale clockjectory algorithm and code darras and Simmond£009.
wise circulation around the Indian Ocean, suggests the quesir parcels are initialised over land regions of the Indian sub-
tion of whether atmospheric conditions in Australia can in- continent at horizontal resolution ofZ5° x 0.25° apart, to
fluence those over the Indian subcontinent. match the Tropical Rain Measuring Mission (TRMM) reso-
Since a non-negligible source of moisture in this systemlution used later, and on 8 pressure levels (1000, 925, 850,
lies just off the coast of Australia, the temperature and hu-700, 600, 500, 400, and 300 millibars), for a total of 38 592
midity of air parcels entering the large scale circulation from parcels per timestep or 4824 parcels per level. Parcels are not
Australia would affect the evaporative flux in this region. initialised on the remaining 4 pressure levels (250 to 100 mil-
This suggests the question of whether meteorological contibars). This is because no humidity data is available for pres-
ditions over Australia can result in variability in this regional sure levels higher than 300 mb, and humidity is assumed to
evaporative flux and subsequently affect precipitation in In-be effectively zero above this level. While it is possible that
dia. an air parcel on these levels can reach Australia in a back-
There are two major caveats that must be addressed befoteajectory calculation, it must have passed the 300 mb pres-
such an influence can even be considered. Firstly, whethesure level before reaching India, at which time all moisture
the amount of water vapour provided by the air originating is assumed to have been removed from the air parcel. Calcu-
from Australia (if any) is large enough, relative to the amount lations are started once a week in July and August, for a total
provided by air not of Australian origin, that its variability of 9 weeks, to sample 30-day trajectories that travel through
is detectable. Secondly, whether the air parcel can retain théhe Indian Ocean during austral winter, for the years 1972—
influences of its Australian origin until India, despite the long 2008. This provides a statistically representative number of
passage of air over the Indian Ocean. sampled days, while keeping the experiment computation-
With these caveats in mind, we hypothesise the existencally feasible. From a theoretical viewpoint, such a weekly
of a different type of teleconnection between Australia andinitialisation is acceptable because the timescale of the phe-
India that does not arise through simultaneous driving bynomena in question is between 2 to 3 weeks as will be seen
an external variability (e.g. ENSO or IOD): if the origi- later (also, from preliminary calculations). However, calcu-
nating conditions are extremely cold and hence dry ovedations are started at all 4 timesteps of the sampled day to
interior Australia during austral winter, the rainfall in the sample diurnal changes in wind, since the scale of diurnal
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variation can be large compared to day-to-day changes, esAugust over Wangara, Australi€larke et al. 1971). Us-
pecially at coastal regions. Air parcel positions are collecteding their results as a basis, for the same season, similar lat-

once every 6 h. itude, and full moisture availability over the ocean, the day-
Back-trajectories that do not reach Australia, defined adime lower limit of 1000 m is chosen for our calculation.
entering the region (115-15€, 15-30 S), are excluded. It is however not feasible to obtain the predominating

There are many back-trajectories that pass over the Indiaquantityp from p —e for the mechanism and region in ques-
Ocean but only air parcels that reach Infian Australiaare tion. Not only is it difficult ascertain the location of precipi-
of interest, as well as the climatological pattern of their ac-tation using model variables such as relative humidity, since
cumulated water-vapour change{e, the climatology dif- the humidity over the tropical Indian Ocean and at the coasts

ference between accumulated precipitap@nd evaporation of India is high, but it is difficult to difficult to dissociate
o). precipitation from evaporation in this situation as well, since

Indian monsoon rainfall is intense (e.g. in the Goa station,
€more than 10 inches can fall in a day, for consecutive days).
“During such intense rainfall, the ground is saturated with wa-
ter or flooded, and evaporation accordingly increases. There-
fore, p — e is accumulated unaltered and termed “net precip-

The net precipitation and net evaporation sections ar
calculated along all of the remaining back-trajectories us
ing a method modified fronstohl and Jame&004). For
each particle of masm, the change in water vapour con-
tentmdq /5t depends on its change in specific humidity, itation”.

?t ‘zt d6 hourly rllntgrvalts.l A.t danfy t'm?’ tparggles Oa;e5000I— Back-trajectories are classified as belonging to the “West
tec € tor:/e_lr_;lM'\ﬁrlzon Iat'g” OF reso uhlont X h. o | India domain” (land regions of (68-7&, 8—30 N)) or the
0 matc resolution. For each atmosSpheriC Col- «g4q4 |ngia domain” (land regions of (78-98, 6-28 N)),

umn, the change in water vapour content of a section Otfrom whether travelling from Australia to India, the first net

the column can be °bta'T‘ed by amassing changes of V\.’ateﬁrecipitation event over India occurs in the West India or East
vapour content of all particles representative of that section; i domain. The East India and West India domains are

n i _ -1 ns,,. H H H
% qu’ /f.t =(8 ‘S.p{f]t)zi Sq,,whtﬁreg is the ?;ﬁwtqtlonal | shown as red boxes in Fida and1b respectively. Thus,
acceleration anép is the pressure thickness of the air parcel. travelling from Australia to India, an air parcel may finally

I—_|ence, the accumulatec_;l change in wgter vapour for t_he ®Meach East India, but should it reach India through the Ara-
tire column can be obtained by summing all changes in wa

) 1 i) ‘bian Sea branch and precipitate on West India, it is consid-
ter vapour content in the columi;(¢™~/81)ép;%; "3di  ered to belong to the West India domain. However, should
which henceforth will be termed net precipitationpif-¢ is  gych a parcel not precipitate on West India despite passing
positive, and net evaporation— e is negative. The accu-  ough West India, and only precipitate in East India, it is
racy of this method does depend on having a representativelysnsidered to belong to the East India domain. Air parcels
large enough number of particles or trajectories. Fortunatelyyhat do not precipitate in either West or East India domains
as shall be seen later, the particles in question tend to bgre not considered to belong in either domain. West India air
concentrated along one particular pathway, and accumulasarcels that travel into East India are terminated at the first
tion through 37 yr or 1332 timesteps should be sufficient topecipitation point after leaving the West India domain. This
obtain a reasonably accurate patteripefe. is done likewise for parcels travelling into West India from
Since the mechanism specifically involves evaporationEast India. This permits evaporation segments along the tra-
over the eastern Indian Ocean and precipitation over Indiajectory inside the domain to be included into the calculation
it is desirable to refine the net quantities further to distin- of the accumulated water vapour change and prevents the ac-
guish between evaporation and precipitation. This is feasi-cumulated water vapour change from being biased towards
ble for evaporation over the Ocean and the metho8arfe-  precipitation at the edges of the domains.
mann et al.(2008 is employed wherein only net evapora-  The trajectory times from India to when air parcels first
tion changes that take place within the atmospheric boundeross the line (110E, 37.5 S)—(143 E, 11.28 S) located
ary layer are collected. We wish to establish a lower boundin interior Australia are collected. We wish to estimate an
for the amount of evaporation into these air parcels over thaupper bound of time-lag between low temperature events
main water vapour source of Indian Ocean, to determine hown Australia and precipitation events in India. Air parcels
much water vapour at least is entering air parcels from Aus-are observed from the back-trajectories to circulation inside
tralia to India. Therefore unlike Sodemann, who calculatedAustralia for a few days before leaving Australia. Since
the boundary layer height using the methodologylaen low temperature events in Australia can last a few days, air
and Mahrt(1986), a boundary layer height is chosen to rep- parcels can leave Australia any time during the event. Trajec-
resent a daytime lower limit, and only negative changes intory times from when air parcels first cross the line (LEQ
water vapour along the back-trajectory (ife—e < 0) that  37.5 S)—-(145 E, 11.25 S) to when they depart Australia
occur below this limit are considered evaporation, with evap-(e.g. to re-enter the Indian Ocean), are also collected. The
oration during the day expected to dominate that during thesum of the two trajectory times, from India to interior Aus-
night. Troen models the boundary layer height for 16 and 17tralia, and from interior Australia out of Australia, gives the
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a0 : ] itative differences. The temperature time series is passed

: NS //0 e through a 8-days-to-2-months Lanczos band-pass filter to ex-
® il R clude synoptic fluctuations and seasonal signature, including
harmonics of the seasonal signature (see Appendix A for the
reason behind the choice of 8 days for the higher cut-off fre-
qguency). This extracts the intraseasonal signature.

Rainfall in India is provided by the Tropical Rain Measur-
ing Mission (TRMM) 3B42 datasetSimpson et aJ.1996
download source listed und€RMM (2012 in the Bibliog-
raphy) which is calibrated to rain gauges and geostationary
observations for years 1998-2008. The coverageisl8ily
at 0.2% x 0.25 resolution. TRMM data is available every
3h and but a daily time series is computed for correlation
with the daily mean Australian temperature. Each day’s rain-
fall value is the average of all available TRMM data points
in a given domain spanning the 8 time slices of that day. A
8-days-to-2-months Lanczos band-pass filter is applied here
as well.

Pearson’s correlation between the temperature and rainfall
time series is calculated for various time lags. Thresholds
are imposed at different temperature percentiles to eliminate

Latitude /°
o

evaporative
region =

-20 ﬁ
-30
40 50 60 70 80

West| India
.

Latitude /°

evaporative
region

-y warmer temperatures and the corresponding lagged rainfall
nteriof < data, since only cold temperature is believed to be related to
30 st Indian rainfall.

40 50 60 70 80 90 100 110 120 130
Longitude /°

3.3 Regression of in-situ data
Fig. 1. (a)Climatological accumulated net water vapour sink e
(cm/season) calculated from back-trajectories between India andVhile analysed temperature and TRMM rainfall data provide
Australia that precipitate first in the East India domain, for years good horizontal coverage, in-situ station and rain gauge mea-
1972-2008(b) Same but for the West India domain. Note that the surements provide longer historical records and hence supply
colour scale used for the East India domain is half that used for thesupplementary evidence for the Australia-India teleconnec-
West India domain. tion.
At first sight, the mean of Australian station temperature
) ) ) ) intuitively corresponds to the mean of gridded reanalysis
desired upper bound estimate. The trajectory times from INyemperature. But it actually does not because of the highly
dia to when air parcels first cross the line {#) 27.5 S}~ neven density of stations in Australia. Stations are concen-
(115°E, 8.75 S) located in the Indian Ocean are collected aSyataq in southeast Australia and sparsely distributed over the
well. This gives an estimate of the time between evaporation,orthwest and interior regions. The Australian Bureau of
from the Indian Ocean and precipitation in India. Meteorology (download source listed und¢€D (2013 in
the Bibliography) maintains a long yearly record of the num-
3.2 Satellite rainfall and reanalysis temperature ber of very cold days in a year averaged over stations (hence-
forth “VCD"), where a very cold day is one when the max-
If the hypothesis in Secis correct, there should be alagged imum day temperature is below 1G. When many stations
anti-correlation between the Australian temperature and Inacross Australia (especially those in the southeast) record a
dian rainfall. Furthermore, the lag period for maximum anti- very cold day, the entire air mass over Australia, including
correlation should be consistent with the trajectory times ob-the less and unobserved regions, is likely to be anomalously
tained from Sect3.1 cold with respect to the local winter climatology. Thus VCD
To estimate Australian winter temperature, the daily meancan be used as an in-situ proxy for extreme coldness over
temperature at 0.995 sigma-level from NNRP is averagedhe whole of Australia. As winters in Australia are generally
over a polygonal region within 115-19k, 35-15 S, shown  mild, it is expected that the number of days counted by the
in Fig. 1a, b as a magenta polygon. This region is where mosstatistic is dominated by days in the Australian winter season.
back-trajectories reaching Australia pass through. The reaThe VCD statistic is available since 1957 but only years co-
son for the polygonal shape is to exclude ocean and coastahciding with available rain gauge data (see next paragraph)
regions. Highland regions are included but the exclusion ofwill be used. The statistic has a mean value of 10.81 days for
highland regions is also attempted and does not lead to quathe years 1957 to present and ranges from 2.2 days to 19.3
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days in a year. Appendix A supports the use of this proxy byocean at 1 x 1° resolution are taken from the Objectively

comparing VCD and mean Australian winter temperaturesAnalyzed Air-Sea Fluxes dataset (OAFlux) of Woods Hole

by percentile, from NNRP reanalysis data. The use df0 Oceanographic Institutior¥(1 et al, 2007, download source

as a limit for “low temperature” may not be ideal, but from listed underOAFlux (2012 in the Bibliography). Since

Appendix A it suffices as a gauge of low Australian winter only wind magnitudes but not wind vectorial components are

temperature; other definitions of low Australian temperatureavailable in OAFlux, NNRP 10 m-wind is used instead. Al-

should not be remotely different from what is shown by VCD though this wind field is not the same as that used to calculate

or percentile cold reanalysis temperature in Séct. the evaporation rate in OAFIlux, it is one of the inputs used
The daily accumulated in-situ rainfall comes from indi- to estimate the OAFlux wind and so is expected to be simi-

vidual rain gauges in the National Oceanic and Atmospheridar. JJA mean anomalies are computed from 1958-2008 JJA

Administration (NOAA) archive. The period of 1977-2008 climatology.

is selected to obtain the largest number of gauges for a con-

tinuous period longer than 30yr, and with at least 26 out of

the 32 summer seasons each, or 80 % of the 32 seasons, hav- Results and discussion

ing at least 30 days of data. Such selection criteria for the

gauges ensures that the seasonal mean rainfall obtained 41 Back-trajectories from India to Australia

representative. The rain gauge data is not time-filtered to ) o

avoid the need to estimate missing data which may producérhe climatology of the accumulated net precipitation asso-

spurious oscillations of the timescales in question and thereciated with the air parcels of East and West India domain is
fore degrade the value of in-situ measurements. concentrated in four regions, two in the East India domain

The mean rainfall from 15 June to 14 September (i.e. JJA2nd two in the West India domain (Fig, b, Fig.5 for India
lagged by 14 days for the approximate travel time of air N greater detail). .
parcels, for reasons given later) is calculated every year and Figure 1a shows the climatology of the accumulated net
correlated against VCD. Although the monsoon season exWater vapour sinkp —e, for the air parcels originating in
tends beyond this time period, the length of the temperatd\ustralia with its first accumulated net precipitation in the

winter season limits the time period to be considered. East India domain. Air parcels approach the Indian Subconti-
nent from the Bay of Bengal and net precipitation occurs over
3.4 Comparison with climatic indices Northeast India and the Ganges basin. Bangladesh is seen as

a net evaporative region, indicating that air parcels from Aus-

Itis possible that interannual variations in VCD are relatedtralia do not contribute to the precipitation in Bangladesh.
to interannual climatic patterns like ENSO and IOD. This  Figurelb shows the same, but for the West India domain.
means that any correlation between Indian rainfall and VCDNet precipitation occurs on the slopes of the Western Ghats

could be due to the dependence on ENSO and 10D phasednd over Northwest India (Fid). Net precipitation and net
and should be investigated. evaporation also occur along the stationary waves off the

The DMI used to denote the phase of IOD is obtained\Western Ghats, over the Arabian Sea. The main evapora-

from Japan Agency for Marine-Earth Science and Technol-tive source for air parcels of both domains is however the
ogy (JAMSTEC); Nino3 and Nino3.4 indices for denoting Indian Ocean; net evaporation is seen along most of the back-
the phase of ENSO are from NOAA. VCD is correlated with trajectory pathway in the Indian Ocean. For air parcels orig-
the mean DMI of August, September and October (ASO) andhating in Australia, net evaporation is particularly concen-
with the mean Nino3.4 and Nino4 indices of December, Janirated in the tropical east Indian Ocean, west of Australia.
uary and February (DJF). These are separately the months Of the total air parcels initiated, 3.5% reach Australia.
when 10D and ENSO SST anomalies are usually the largest3.0 % of these air parcels produce net precipitation in In-
and ensures that 10D or ENSO events can be captured eve#ia, while the other 0.5 % produce net precipitation over In-
if the respective indices at JJA do not indicate developingdochina. 2.4 % of the total air parcels that reach India are
events yet. Since ENSO spans more than one year, botflassified as belonging to the West India domain and 0.6 %
VCD from the same (ENSO-developing) and from the fol- are classified as belonging to the East India domain.

lowing (ENSO-mature) year to the December month in the Assuming that the sampled air parcels are representative

Nino indices are used. of the boreal summer (austral winter) season, seasonal net
precipitation from the parcels in question can be estimated
3.5 Sea surface evaporation data by scaling the climatology of net precipitation accumulated

over 9 days over the JJA season, by 92 days of the entire JJA
In the course of exploring the mechanism underlying season. The contribution to JJA seasonal precipitation by air
the Australia-India teleconnection, evaporation from Indian parcels originating in Australia can reach up to 3cm/JJA sea-
Ocean and associated factors are investigated. Monthly meason in some regions in West India. The regions where Aus-
evaporation rate, specific humidity at 2m and SST over theralian contribution is highest (1-3 cm/JJA season in Bjg.

www.atmos-chem-phys.net/12/669/2012/ Atmos. Chem. Phys., 12, 6&®%%-2012
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Fig. 2. Shading shows the number density of air parcels at a particular timestep, or the number of air parcek5or 8.25° resolution

grid. Only air parcels of back-trajectories from India that reach Australia and precipitate first in the West India domain are shown. Lines
demarcate boundaries of the evaporative region in the tropical east Indian Ocean and of interior Australia. Parcels are removed when they
cross the Australian line.

are coincidentally also regions with the highest precipitation The second caveat is now addressed.

of 250-350 cm/JJAS season (searthasarathy and Mooley  Figure 2a—i shows the number density of West India air
1978 or the most up-to-date rainfall maps at the Indian Me- parcels as they travel along the back-trajectory from the In-
teorological Department website listed unéldD (2012 in  djan end. The number density is the the number of air parcels
the Bibliography). Air with an Australian origin therefore on a 025° x 0.25° resolution grid at a snapshot in time, with
provides approximately 0.5-1.5% of total seasonal precipi-day 0 as the time when the air parcels are at their Indian end
tation in West India. This climatological amountis small, but of the back-trajectory_ Parcels are removed when they Cross
it is not evenly distributed temporally and spatially, ranging the line in interior Australia. Air parcels begin to reach the
from negligible contributions to 10 cm/JJA season in regionsmain evaporative region at day 7. By day 13, most of the
of West India. However, it must be cautioned that extl’emeparce|s have entered or passed the evaporative region.
cases such as 10cm/JJA season may be deceptive since In-re gistribution of trajectory times from India to the evap-

dia_n monsopna_l rainfall its_el_f is_ highly va_riable. The Aus- orative region as demarcated by the upper line in Bigi
tralian confmbutlon to preC|p|tat|op of particular years must is shown as pale bars in Figa—c, for both domains, East
be ascertained through case studies. India domain, and West India domain. West India air parcels
These results answer the first caveat raised in Qedthe  take about 8—-13 days to enter the evaporative sink, while East
amount of net precipitation over West India contributed by India air parcels take about 13-18 days. Considering that
air parcels Australian in origin is small, but not negligible. the average residence time of moisture in the atmosphere is
Whether this small contribution to the West Indian rainfall about 10 daysNumagutj 1999, precipitation in East India
can be actually detected on a year-to-year basis will be exis not expected to have any relationship with low tempera-
amined in Sects4.2 and4.3. Much less precipitation over tures in Australia, since any water vapour entering the atmo-
East India can be attributed to air parcels of Australian ori-sphere from the evaporative region would have precipitated
gin, and the possibility of any Australian influence on Eastout by then. Since the trajectory times between West In-
India precipitation is minute. dia and the evaporative region are consistent with the known
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Fig. 3. (a—i) Trajectory times of air parcels for both West and East India dom(aind, g), East India(b, e, h), West India(c, f, i). (a—c)

Light bars show trajectory times from the domain to the evaporative region; dark bars show trajectory times from the domain to interior
Australia.(d—f) Time spent by air parcels in Australia before leaving the continent. Parcels at the zero bin have not left Australia by the 30th
day. (g—i) Trajectory times from the domain to when the air parcels leave Aust(@id.sections of Fig4d matched to the same time scale

on the abscissa.

average residence time of moisture, it is possible for watetto the time when the air parcels leave Australia after having
vapour from the evaporative region to retained until West In-back-entered Australia from the Indian Ocean is used. For
dia. This answers the second caveat. air parcels that remain in Australia up to the 30th day of the
back-trajectory, low temperature events are assumed to oc-
cur at the time when these air parcels back-entered interior
Australia (i.e. hit the demarcation line), to avoid inventing
circulation times for them. The distribution of trajectories

The distribution of trajectory times from India to interior
Australia, as demarcated by the lower magenta line inFig.
is shown as dark bars in Fi§a—c. West India air parcels take
about 12-16 days to reach interior Australia, while East In-* ' > M e !
dia air parcels take substantially longer, about 17—24 dayslimes is shown in Fig3g—i, with a time lag of about 13-19
This further highlights that West India and East India air d2ys with the mode of 14 days.
parcels are inherently different and should be analysed sep; . . .
arately. Figure3d—f show the distribution of time that air 4.2 Sateliite rainfall and reanalysis temperature

parcgls spenq inside Australia after pqssing the demarcate,gligure 4a—c show the lag correlation between NNRP Aus-
line in Australia. Parcels at the zero bin have not left Aus- ¢gjian temperature and TRMM rainfall for Entire India, East
tralia by the 30th day of the back-trajectory. About half of the | qia and West India domains. The Indian monsoon rain-

air parcels are still in Australia at the 30th day, and the resty) s strongly auto-correlated at time lags of 10-20 days
have left Australia. However, as trajectory calculation be- 5,4 30-60 days, the dominant modes of its intraseasonal os-
come increasingly inaccurate as integration time progresseg;ijjations. Lag-correlations of Indian monsoon rainfall with
these.dis.tribution should be considered more qualitative tha%ny variable that produces a positive or negative correlation
quantitative. at any time-lag will produce mirrored positive or negative
To obtain some kind of upper bound of time-lag betweencorrelation 10-20 days and 30-60 days away. These cor-
low temperature events in Australia and precipitation, therelations can only be rejected on the ground of physicality;
time taken to travel from the Indian end of the back-trajectorythe direction of large-scale circulation excludes correlations
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in East India where the air parcels’ travel time from Australia
is short enough to still retain influence from their origin, but
this does not make East India of sufficient interest for further
study in this work.

When the rainfall domain is restricted to West India

Percentile coldest

’ ] (Fig. 31), both troughs are retained. For the left trough, the
‘ 1 anti-correlation between the cold temperatures and rainfall in
T e e e e e the West India domain becomes more apparent. When warm

temperatures are excluded leaving only the coldest 30th per-
centile, the strength of anti-correlation in the left branch in-
creases to between0.2 and—0.4. It is clear that rainfall in

the West India domain is responsible for both branches of the
trough. Since the two troughs are 10-15 days apart, the sec-
ond trough is likely to be due to autocorrelation of the rainfall
from the 10-20 days mode.

For further discussion relevant to the hypothesis, which
requires both realistic timescales and correlation between In-
' dian rainfall andow inland Australia temperatures, we focus
‘ on West India.

Percentile coldest

4.3 In-situ observations

Percentile coldest

The location of the Indian rain gauges used for the correlation

’ with VCD is plotted in Fig.5. Magenta squares show gauges

T — 5 B ®m ® @ @m W m W where the there is significant correlation between VCD and
Lag/ days seasonal mean rainfall at 95 % confidence level. The corre-

lation values for these gauges are shown in Table 1.
6 out of 19 gauges in the West India domain individually
Fig. 4. (a)Lag correlation, significant at 95 % confidence level, be- show significant Australia-India teleconnection at 95 % con

tween Indian rainfall from TRMM and Australian temperature from fidence level, and they lie in or near regions showing net pre-

NNRP for the Entire India domain. Shaded area shows unphysicafiPitation. The region of net precipitation does not exactly
time-lags. (b, c) Same aga) but for the East India and West India Match the set of stations demonstrating correlation between

domains respectively. rain gauges and VCD, but this may be due to the coarse
spatial (25° x 2.5°) and temporal (6-hourly) resolution of
the reanalysis winds used for the back-trajectory calculations

before when information can propagate from Australia to In-\yhich created some offset and mismatch of the net precipita-
dia (hatched regions of Figa—c). This leaves at most two tjgn.

correlation bands that are physical. Fig@jel show the The contribution to net precipitation over the stations by
correlation bands on the same abscissa scale as the backy parcels originating from Australia forms only a small part
trajectory time histograms from Seét.. of the total net precipitation. Therefore, correlation is not

In Fig. 3j for the Entire India domain, a broad W-shaped assured when any station receives net precipitation from air
anti-correlation trough can be seen for lags of more thanparcels originating from Australia. In order for the posi-
10 days. Both anti-correlation troughs while significant, aretive correlation to be seen, this contribution must be strong
quite weak, with correlation coefficients betweef.10 and  enough relative to contributions by air parcels from else-
—0.30. The left branch of the trough seems to correspond tavhere, or its variations in Australian moisture will be com-
the 13-19-day West India trajectories. The right branch maypletely dominated by variations of the other contributions.
initially seem to correspond to the East India trajectories, butNor does a significant correlation at any single station show
firstly it is occurs at a much later time than the timescalethat seasonal mean rainfall over West India as a domain is
of travel from Australia to India (Fig3h), and secondly the  correlated with VCD, since significant correlations can arise
timescale of travel precludes such a relation. by chance when a large number of stations are tested (see

When the rainfall domain is restricted to East India Wilks (1995 for a discussion). Therefore, the authors carry
(Fig. 3Kk), both troughs have almost disappeared. Some reeut a field correlation test, which tests whether the number of
gions of anti-correlation still remain, indicating that East In- stations in West India showing positive correlation between
dia trajectories of shorter travel times do contribute to thegauge seasonal mean rainfall and VCD can arise by chance. 6
first anti-correlation trough in Figgj. There may be regions out of 19 gauges means significant field correlation between
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Table 1. Correlations between gauge rainfall and VCD. / u/ V.5
30 M contour >2
icontour
Name of station  LocatiorE,°N) Correlation - 9 15
Goa/Panjim 73.8,15.5 0.84 =\ P B
Kozhikode 75.8,11.3 0.78 !
Hissar 75.7,29.2 0.74 \ e
Kota Aerodrome 75.9, 25.2 0.72 L 20 b / N b
Kakinada 82.2,17.0 0.72 3 Ll
Cuddalore 79.8,11.8 0.67 3 el Poos
Bikaner 73.3,28.0 0.55 15 | L, AR 4
Jaipur/Sanganer 75.8, 26.8 0.55 confidence level) 1
-1.5
10 2
seasonal mean rainfall over West India and VCD at 95 % con- X West India § <25
fidence level (see Appendix B for details). . ! feo el
There is no significant field correlation between seasonal 70 75 80 85 9
mean rainfall in the East India domain and VCD at 95 % con- tongitude
fidence level.

Fig. 5. Shading shows climatological accumulated net water vapour
sink p —e (cm/season) calculated from back-trajectories between
India and Australia that precipitate first in the West India domain
but in greater detail. The correlation between VCD and seasonal
mean rainfall is calculated for rain gauges marked by squares and
triangles.

4.4 Climatic indices

ENSO and 10D are known to have impacts on Australia
(Meyers et al. 2007 Therefore it is possible that the

Australia-India teleconnection is part of these two tropi-
cal climatic patterns. Correlation of VCD separately with

Nino3.4 (Fig.6a), Nino4 (not shown) and DMI (Figeb) a 7 - o by 5

does not yield significant results. The lack of relationship .=t =~ * e A el ° 0@ o
between VCD and ENSO or IOD shows that the teleconnec- £ % 0ok o%x; ‘:‘iog ° 5, Oo°°o o9
tion is not due to the coordinated impact of ENSO orlODon £ | o« ‘Q°9 o o%"g x S 9 800@80%30 °
Australia temperature and rainfall in the West Indian domain. 2= cox %%gm@ X0 e @5 °
This may be understood as ENSO and 10D are tropical pat: sl 2 B

terns while VCD measures temperature over all of Australia e R R

inclusive of subtropical and mid-latitude regions.

Fig. 6. Scatter plots of:(a) mean Nino3.4 in December-January-
4.5 Possible mechanism February (DJF) versus number of very cold days (VCD) in the same

year (crosses) and the next year (circles) by the December month;
The results of the previous sections are consistent with thgb) mean DMI in August-September-October versus VCD in the
proposed Australia-India teleconnection for which we pro- Same year.
pose the following mechanism: the advection of cold dry
Australian air from southeast to northwest over the Indian
Ocean where the enhanced evaporation rate ultimately feeddeaks in Australia is a likely cause of extreme low tempera-
the enhanced rainfall rate downstream in West India. tures. How such low Australian temperature promote rainfall

As Australia lies mostly in the subtropics and is subjectedin West India is explored next.

to oceanic influences, winters in Australia are generally mild.  Very low winter temperature implies that air over Australia
But extreme lows in Australia winter temperature are com-has very low saturation vapour pressure, and hence very low
monly associated with subseasonal cold spells or “cold-airspecific humidity. This air warms up as it moves across Aus-
outbreaks”, which are due to mid-latitude baroclinic wave tralia and over tropical Indian Ocean. We show below that
activity. This is especially so since the stations from which evaporative fluxes calculated from observations and reanal-
VCD is computed are clustered in southeast Australia. Coldysed dynamical variables are consistent with the picture of
air outbreaks from 1972 to 1991 have been tabulateBldsy ~ remote influence of cold-air outbreaks on Indian rainfall.
rin and Simmond$1995 andSimmonds and Richt€2000 Figure7a shows the composite pattern of enhanced evap-
using percentile temperature thresholds as criteria. Theyration in the five extreme years mentioned above, with
occurred in all five coldest years (i.e. the coldest quartile)three possible a priori causes: drier surface air, stronger sur-
ranked by VCD in this period: 1978, 1983, 1986, 1990, 1981face wind, and/or warmer SST. The extent of the significant
(in decreasing coldness). This suggests that cold-air outpositive evaporation rate anomalies just west of Australia
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Latitude /°
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Fig. 7. (a)Composite for 1978, 1981, 1983, 1986, 1990 of anomalies of sea surface evaporation rate<(@haded), 10 m-wind anomalies
(arrows)(b) Same but for specific humidity at 2m height (gKg. (c) Same but for SST (K)d) Mean anomalies of seasonal mean daily
rainfall for 1978, 1981, 1983, 1986, 1990, normalized to the climatological standard devi&idmeach rain gauge. Radius of circles are
proportional to the mean anomalies (0.5-g).0Where the circle becomes too small to be clearly visibl®(15s), it is replaced with an
blue asterisk. Black asterisks mark stations that do not have a positive anomaly.

corresponds to that of the significant negative specific humid-and Barrell 1984, and ENSO phases alter the frequency of
ity anomalies at 2 m height (Figh). The significant 10m-  such cloud band formation&ighnel 1988. Indeed, the SST
wind anomalies (magenta arrows in Figp) lie offshore of anomalies obtained here have a pattern that resembles that
East Africa but does not overlap with any significant anoma-associate with the cloud bands, rather than ENSO.

lies of evaporation rate. The SST anomalies (Fig). over- We note that the transport of mid-latitude air to tropical re-
lapping with the region of significant enhanced evaporationgions leading to enhanced tropical rainfall is not unheard of.
are negative and so tend to retard evaporation rate, suggedt: the Northern Hemisphere, air mass over the Asian con-
ing instead that cold SST anomalies may be the effect of entinent has been observed to be transported to northwest of
hanced evaporation rather than the cause. Thus, drier surfadgorneo Chang et al.1979 during boreal winter. These cold

air and not surface wind perturbations or warm SST is thesurges are a combination of cold-air outbreaks and the Asian
more likely reason for the enhanced evaporation rate. SSWinter monsoon flow, and result in increased low-level con-
anomalies north of Australia are positive but while such SSTvergence which then enhances convection in southern South
anomalies have been noted to correlate with Indian monsoohina Sea. The transport of mid-latitude air from Australia to
rainfall by Nicholls (1995, they were employed as proxies eastern tropical Indian Ocean is the Southern Hemisphere’s
for ENSO. In this case and consistent with the last sectionanalogue of the Asian cold surge. The strength of the low-
neither the SST nor the surface wind anomalies closely relevel monsoon circulation brings the mid-latitude influence
semble ENSO or IOD anomalies which affect evaporation,further, resulting in a cross-equatorial impact on western In-
and the years in the composite are variously neutral, negadia.

tive or positive in ENSO and 10D phases (Meyers et al. Figure7d shows the distribution of the rain gauges where
2007. The influence of ENSO, if any, would be indirect — the seasonal mean daily rainfall is anomalously high for the
Nicholls (1989 pointed out that the anomalies in the SST same five extreme years mentioned above. The distribution
north of Australia can also be a consequence of large-scalef rain gauges showing the Australia-India teleconnection in
winter cloud bands that form when tropical air is pushed Fig. 1b is also consistent with this understanding.

above intrusions of cold air from the mid-latitudeEapp
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Although the Australia-India teleconnection is demon- lantic SST anomaly and European land surface air tempera-
strated from in-situ observations on the interannual or longeture anomaly have correlations of 0.520.45 and 0.42 re-
timescale, this is due to VCD being a yearly statistic. Inter-spectively Rajeevan et al2007) with Indian rainfall. How-
annual patterns and long-term trends affect Australian temever, the caveat is that the relation is only locally useful for
perature and the teleconnection mechanism does not differcertain regions in West India.
entiate between the reasons for unusually cold temperature. The correlations described above are consistent with the
Nevertheless, even when the seasonal signature is removgatoposed mechanism, but do not exclude the possibility of
as carried out in Sect.2, sub-seasonal periods of low win- an external atmospheric variability that influences both Aus-
ter temperature in Australia can still promote sub-seasonatralian winter temperature as well as Indian monsoonal rain-
periods of rainfall in the West India domain. fall. The proposed influence is not directly linked to the dom-

inant influences of Indian monsoon variability, the ENSO

and the 10D, since correlation of VCD with Nino3.4, Nino4
5 Conclusions and DMI does not yield significant results (F&. However,

since Indian summer monsoon variability is influenced by
A mechanism for a teleconnection between winter inlandmany factors (see Introduction), testing with more indicators
Australian temperature and monsoon rainfall in west India isof atmospheric variability is recommended.
proposed: when there is unusually low temperature over in- Australian winters are relatively mild, and extreme lows in
land Australia during the austral winter, the dry air advecting Australia winter temperature are commonly associated with
northwestward out of a cold Australia enhances evaporatiorsubseasonal cold spells or “cold-air outbreaks”, which are
rate over eastern tropical Indian Ocean, and this enhancegue to mid-latitude baroclinic wave activity. The proposed
rainfall over two regions in West India after 13-19 days. mechanism may also be viewed as an example of how south-

On a climatological basis, 3 % of the air over West India ern hemispheric mid-latitude weather can influence north-
originates from Australia, as demonstrated from the back-ern hemispheric monsoon rainfall. Figuta—c show higher
trajectories (Fig.1b). The transport of water vapour from evaporation and drier air over the ocean just west of Aus-
off the west coast of Australia to India is physically pos- tralia during cold air outbreak years, which is consistent with
sible as the trajectory time between the evaporative regionhe hypothesis that colder air travelling westwards from Aus-
west of Australia and India is 8-13 days, which is consis-tralia results in drier air over the ocean just west of Australia
tent with the 10 day average residence time of water vapouand enhances evaporation. In addition, the SST west of Aus-
in the atmosphereNumagutj 1999. The amount of air of  tralia is anomalously cold during the outbreak years, exclud-
Australian origin, as represented by the trajectories, passesig the other possibility of warmer SST enhancing evapora-
over the ocean just west of Australia which constitutes ation. Unfortunately, there is a lack of direct horizontal water
non-negligible source of water vapour for the Indian sum-vapour flux observations to show enhanced transport from
mer monsoon, and contributes to 0.5-1.5% of the climato-Australia to India in cold-air outbreak years, and reanaly-
logical net precipitation over West India. This contribution sis datasets are too much subjected to uncertainties in model
is concentrated over two regions — the slopes of the Westerparametrisation for tropical convective rainfall to show reli-
Ghats and Northwest India (Fi®). Locally, the year-to-  ably or significantly the flux anomalies for composites of a
year net precipitation of Australian origin is highly variable, few years. Finally, gauge rainfall is anomalously high in the
ranging from negligible contributions to 10 cm/JJA season.outbreak years (Figid).

As the Indian monsoonal rainfall is highly variable as well,  As the Australian contribution to total Indian precipita-
case studies are recommended to determine the extent of amipn is small, and such a mechanism only comes into play
Australian influence. during episodes of low inland Australian temperature, the

Statistics are performed on satellite, in-situ and reanalysigproposed mechanism in no way detracts from the dominant
data to determine if the influence by low inland Australian influence of ENSO and IOD on Indian monsoonal rainfall.
winter temperature on Indian summer monsoon rainfall canHowever, while these important influences are well-known, it
be detected. Statistically significant lagged correlation be-4s shown to be physically possible and statistically consistent
tween NCEP temperature and TRMM rainfall over 11 yr that some of the monsoonal rainfall variability may be in-
were found that demonstrate the correct time delay betweefluenced by conditions as far away as mid-latitude Australia.
cold temperature anomaly and rainfall enhancement withinFurther study is recommended through modelling and com-
a season (FigBa—l). Statistically significant field correlation parison with other known causes of atmospheric variability
(Wilks, 1995 also Appendix B for easy reference) was found to confirm the existence of such a mechanism and determine
to exist between VCD (“Very cold days”, see Segt3 for the extent of its influence during specific low temperature
definition) and gauge rainfall over a long time base (32 yr,episodes.

Fig. 5). The local gauge correlations in Table 1 are com-
parable to those of operational predictors tiotal seasonal
rainfall in India. E.g. Indian Ocean SST anomaly, North At-
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Following Livezey and Chei(1983 andWilks (1995, we
wish to know what is the minimum number of gauges needed
out of the 19 gauges in West India, to be certain the positive
results did not come about by chancegat 0.05 (i.e. 95%
confidence level).

Probability(0 of 19)=1° C((0.951°=0.34

Probability(1 of 19)=1°C1(0.95)'8(0.05) = 0.38

Probability(2 of 19) = 0.18

Probability(3 of 19) = 0.05

Probability(more than 3 of 19) = 0.05
0 0 ) w 50 ) 7 8 ) ' Therefore, it is required that more than 3 gauges out of 19

Percenle cottostemperatie gauges in west India test positive to demonstrate a significant
relationship at confidence level 95 %.

Filter cut-off period /days

Fig. Al. Correlation coefficients between VCD and mean of tem-

peratures below different percentile coldest temperatures after an

n-day-to-2-month bandpass filter. Shaded regions are significant E@cknowledgementSNe would like to thank: BOM, ‘]AMSTEC_’
90 % confidence level. NASA/JAXA, NCEP/NCAR, NOAA and WHOI for use of their

datasets; I. Simmonds and K. Keay for the trajectory code; and
C. K. Teo for extracting the TRMM data; the anonymous reviewers

Appendix A for their comments.

VCD as a proxy Edited by: A. Stohl

It is reasoned dynamically in Se@&.3that VCD is a proxy
for extreme cold over Australia. Here we show that VCD is
indged related t(.) the percentile mean temperatures in AusAnnamaIai, H., Slingo, J., Sperber, K., and Hodges, K.: The mean
tral'f”l calculated in Sec8.2 . . evolution and variability of the Asian summer monsoon: Com-
FigureAl shows the correlation coefficient between VCD  parison of ECMWF and NCEP-NCAR reanalyses, Mon. Weather
and the percentile mean temperatures in Australia after ap- Rev., 127, 1157-1186, 1999.
plying ann-day-to-2-months bandpass filter to the tempera-Barras, V. and Simmonds, |.: Observation and modelling of
ture, using differenh. Shaded regions are where the correla- stable water isotopes as diagnostics of rainfall dynamics
tion coefficient is significantly non-zero at 90 % confidence over southeastern Australia, J. Geophys. Res., 114, D23308,
level. There is significant anti-correlation between VCD and  d0i:10.1029/2009JD012132009.
the mean percentile temperature, abe0t5 to—0.6, over a Chang, C., Ericksor), J.: and Lau, K.: Northea}sterly cold surges
wide range of and temperature percentiles. The lack of sig- and_ near-equatorial dlsturbances_over the winter MONEX area
nificance for lower temperature percentiles with increasing cli(u)gng 1Dz‘i%ezrgbfgr)71§ 74 1. Synoptic aspects, Mon. Weather Rev.,
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