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Abstract 

From 1999 to 2014, four warm ENSO events occurred and shifted the convection 

process from the tropical western Pacific to the central and eastern Pacific causing 

decreased precipitation and severe droughts in northern Australia and the most part of the 

Indonesian Archipelago (95–150°E, 6°N-24°S). An anomalously cold sea surface 

temperature (SST) in the western Pacific marks the warm phase of ENSO events. Wood 

(2012) has shown that a cold SST is closely associated with the development of low-level 

clouds, whereas Schrage and Fink (2012) have shown that there is a connection between 

the formation of nocturnal low-level clouds (NLLCs) and nocturnal low-level jets 

(NLLJs) in West Africa. This study is to see if there exists the interannual variability of 

NLLC and NLLJ occurrence during the warm ENSO events in the domain within the 16-

year period and how it is different from that during the cold ENSO events. This study is 

also to examine if the relationship found by Schrage and Fink (2012) is also true in this 

domain. The results of this study demonstrate that first, the domain is divided into two 

opposite SST anomaly regions during the warm and cold ENSO events, namely northern 

Australia and Papua (NAP) and western Indonesian Archipelago (WIA); second, the 

interannual variability of NLLC occurrence does exist: during the peak of warm (cold) 

ENSO events, the NLLC occurrence in NAP is anomalously positive (negative) whereas 

in WIA is anomalously negative (positive); third, the interannual variability of NLLJ 

occurrence exists only in NAP and not in WIA: during the peak of warm (cold) ENSO 

events, the NLLJ occurrence is anomalously positive (negative); fourth, the relationship 

between the formation of NLLC and NLLJ in the domain is hard to determine due to 

limited time resolution of the radiosonde data.        
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1.#Introduction#

!

! The! Indonesian! Archipelago! and! northern! Australia! typically! experience!

droughts!as!warm!phase!of!El!Niño=Southern!Oscillation!(ENSO)!events!occur!(Allan!

et#al.! 1991;! Hendon! 2003;! Coelho! and! Goddard! 2009;! Rauniyar! and!Walsh! 2013;!

Bayr!et#al.!2014).!The!drought!is!associated!with!the!shift!of!the!Walker!circulation!

over!the!Pacific!Ocean,!in!which!the!rising!branch!over!the!Indonesian!Archipelago!

shifts!to!the!east!in!comparison!to!normal!conditions,!and!the!negative!sea!surface!

temperature! (SST)! anomalies! in! the! western! Pacific.! This! modified! Walker!

circulation!results! in!a!suppression!of!convection!over! the! Indonesian!Archipelago!

and!northern!Australia.!Some!studies!(Julian!and!Chervin!1978;!Barnett!et#al.!1991;!

Tozuka! and! Yamagata! 2003;! Hendon! 2003)! have! shown! that! the! suppression! of!

convection!reduces!precipitation!during!Australian!monsoon!season!(i.e.,!December,!

January,!February,!March),!which!frequently!coincides!with!the!peak!period!of!warm!

ENSO!events!in!the!domain.!However!it!is!not!well=known!whether!the!warm!ENSO!

events!also!affect! the!annual!occurrence!of! low=level!clouds! that,!perhaps! to!some!

degree,!contribute!to!precipitation!totals.!

! It!is!true!that!not!all!low=level!cloud!species!produce!precipitation.!According!

to!Jakob!and!Schumacher!(2007),! in!the!tropical!western!Pacific! from!July!1983!to!

December! 2001,! deep! and! shallow! convective! clouds,! which! are! cumuliform! in!

nature,! generated!most!of! the!precipitation.!Nimbostratus,!which! is! classified! as! a!

type! of! stratiform! cloud,! is! responsible! only! for! 15%! of! the! total! amount! of!

precipitation! in! the! region,! although! they!are! capable!of!producing!as!much!as!12!
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mm!precipitation!in!any!given!day!compared!to!cumuliform!clouds,!which!produce!2!

to! 5! mm! day=1! precipitation.! This! is! likely! due! to! the! relatively! high! base! of! the!

nimbostratus! clouds,! which! often! results! in! virga! as! the! precipitation! evaporates!

before!reaching!the!surface!(Jakob!and!Schumacher!2007).!!

! A! stratocumulus! cloud! typically! does! not! produce! precipitation! due! to! the!

atmospheric! conditions! under! which! it! typically! forms,! namely! strong! lower=

tropospheric! stability,! the! presence! of! a! sharp! temperature! inversion,! and! large=

scale! subsidence.! If! a! stratocumulus! cloud! does! produce! precipitation,! it! is! in! the!

form! of! minute! particles,! such! as! drizzle.! The! primary! growth! process! of! these!

hydrometeors! is! the! collision=coalescence! process.! Rogers! and! Yau! (1996)! and!

Wood!(2012)!have!demonstrated!that!marine!stratocumulus!clouds!more!frequently!

produce!precipitation!in!comparison!to!continental!stratocumulus!clouds!due!to!the!

relatively!small!concentration!of!hygroscopic!aerosols!over!the!marine!environment.!

This! small! concentration! results! in! a! small! number! of! relatively! large! droplets! in!

marine! stratocumulus! clouds! compared! to! the! size! of! the! droplets! in! continental!

stratocumulus!clouds.!

! Given!the!fact!that!low=level!clouds!can!contribute!to!precipitation,!there!is!a!

possibility! that! low=level! cloud! occurrence! in! the! Indonesian! Archipelago! and!

northern! Australia! also! decreases! during! warm! ENSO! events.! A! recent! study! by!

Radley! et# al.! (2013)! shows! that! an! ENSO! event! –! that! is,! the! dominant! source! of!

interannual! variability! –! involves! large! changes! in! cloud! distribution! over! the!

tropical!Pacific.!Using! the! International!Satellite!Cloud!Climatology!Project! (ISCCP)!

and!several!atmospheric!models,!Radley!et#al.!(2013)!have!demonstrated!that!there!
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were! anomalies! in! the! high! cloud,! middle! cloud,! and! low! cloud! amounts! during!

warm!ENSO!events!from!January!2001!to!December!2007.!However,!the!study!found!

it!difficult!to!determine!the!accuracy!of!the!low=level!cloud!amounts!and!anomalies!

since!they!are!partially!obscured!by!excessive!high=level!cloud!amounts.!

! A! study!on! tropical! clouds!during!warm!ENSO!events! conducted!by!Su!and!

Jiang! (2012)! also! shows! that! cloud! occurrence! changes.! In! the! 2006=2007! warm!

ENSO! event,! the! strength! reduction! and! eastward! displacement! of! the! Walker!

circulation! created! a! strong! region! of! anomalous! rising! motion! over! the! central!

Pacific!and!decreased!deep!convective!clouds!and!widespread!subsidence!within!the!

western!Pacific!around!90°=135°E.!The!2009=2010!warm!ENSO!event!was!stronger!

than! the!2006=2007!warm!ENSO!event!because! the! SST!anomalies! in! the!western!

Pacific! were! stronger! in! 2009=2010! than! in! 2006=2007.! As! a! result,! the! area! of!

subsidence! reached! beyond! the! western! Pacific.! The! decreased! deep! convective!

clouds!and!the!increased!stratiform!clouds!occurred!over!most!of!the!Indian!Ocean!

(45°=90°E).!With!this!finding,! it!becomes!challenging!to!determine!in!the!literature!

whether! low=level! cloud!occurrence!does! change!over! the! Indonesian!Archipelago!

and!northern!Australia!during!warm!ENSO!events.!It!is!also!a!challenge!to!determine!

how! the! change! during! warm! ENSO! events! differs! from! that! during! cold! ENSO!

events.!!!!!

! Previous! studies! (Wood! 2012;! van! der! Linden! et# al.! 2015)! have!

demonstrated! that! low=level! clouds! in! a! tropical! environment! exhibit! diurnal!

variations! in! terms!of!areal! coverage!and!altitude.!While! studies!on! the!difference!

between!daytime!and!nighttime! low=level! clouds!over! the! Indonesian!Archipelago!
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and! northern! Australia! has! not! been! conducted,! in! their! African!weather! studies,!

Schrage!and!Fink!(2012)!have!shown!that!the!development!of!stratiform!clouds!with!

a! ceiling! as! low! as! 172!m! above! ground! level! (AGL)! often! occurred! over! a! wide!

region!of! southern!West!Africa!after!midnight!and!early!morning!during!monsoon!

season!(July!to!September).!Studying!the!same!region,!van!der!Linden!et#al.!(2015)!

have!found!that!the!occurrence!of!low=level!clouds!during!nighttime!(0000!UTC)!is!

higher!than!that!of!during!daytime.!!

! The! formation! of! the! nocturnal! low=level! clouds! (NLLC)! in! West! Africa! is!

associated!with!destabilization!of!the!near=surface!layer,!which!is!generated!by!the!

mixing! below! the! height! of! the! nocturnal! low=level! jets! (NLLJ).! Based! on! their!

observations,! from! sunset! until! about! midnight,! the! near=surface! layer! became!

increasingly! stable! due! to! radiative! cooling! and! cessation! of! daytime!mixing.! The!

low=level! jets! began! the!destabilization! shortly! after!midnight.! The!destabilization!

produced! mechanical! turbulence! and! vertical! mixing! that! transported! moisture!

upward!and!contributed!to!the!NLLC!formation.!The!altitude!of!the!NLLC!remained!

stable! until! 2! to! 3! hours! after! sunrise! when! the! NLLC! started! to! lift,! become!

fragmented,! or! grow! to! cumuliform! clouds! due! to! daytime! mixing! and! land=sea!

breeze!convergence!(Schrage!and!Fink!2012;!van!der!Linden!et#al.!2015).!!

Since!no!study!on!the!variability!of!NLLC!occurrence!during!ENSO!events!in!

the! tropical!west!Pacific!has!been!conducted,! this!present!study!of! low=level!cloud!

occurrence! during! ENSO! events! in! northern! Australia! and! the! Indonesian!

Archipelago! chooses! to! focus! on! the! occurrence! of! NLLC.! Both! Schrage! and! Fink!

(2012)!and!van!der!Linden!et#al.! (2015)!have! found! that! the!nighttime!cloud!base!
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altitude! of! the! continental! stratiform! clouds! was! lower! than! that! of! the! marine!

stratiform! clouds! over! the! Gulf! of! Guinea! in! West! Africa.! On! average,! based! on!

SYNOP! data,! the! altitude! of! the! continental! stratiform! clouds! is! between! 200! and!

400!m!AGL! likely!due! to!more! rapid! radiative! cooling! after! sunset,! lower! capping!

inversion,! and! possibly! smaller! dewpoint! depression! over! land! than! over! ocean.!

Unlike!West!Africa,! the!domain!of! the!present! study! is!a!mix!between!marine!and!

continental!environments.!The!Indonesian!Archipelago!is!dominated!by!water!while!

the! northern! Australia! is! a! flat! terrain.! Considering! the! altitude! variation! of! the!

cloud! base,! finding!NLLC! over! the! Indonesian!Archipelago! and! northern!Australia!

may!need!some!adjustment.!!!

In!regard!to!NLLJ,!Schrage!and!Fink!(2012)!and!van!der!Linden!et#al.!(2015)!

have!also!shown!that!there!is!connection!between!the!formation!of!NLLC!and!NLLJ!

in! West! Africa.! The! development! of! nocturnal! clouds! with! a! low! base! usually!

occurred! after! the! NLLJ! formed! around! midnight.! There! are! only! a! few! studies!

addressing! the! formation! of! NLLJ! and! the! connection! between! low=level! jets! and!

low=level! clouds!over!Australia! and! Indonesia.!May! (1994)!has!demonstrated! that!

the! formation! of! NLLJ! over! northern! Australia! (i.e.,!Mount! Isa)! is! associated!with!

diurnal! variation! of! planetary! boundary! layer! (PBL)! and! seasonal! synoptic!

structure.! After! sunset,! the! low=level! wind! speed! increases! through! the! night! as!

daytime!deep!mixing!ceases!resulting!in!less!friction.!The!jet!core!is!found!near!the!

height!of!the!nocturnal!temperature!inversion,!about!600!m!AGL.!The!NLLJ,!which!is!

a!westward!wind,! is!more! intense!and!better!defined!during! fall! (March=May)!and!

spring! (September=November)! because! of! strong! meridional! pressure! gradients!
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between! the! monsoon! trough! to! the! north! and! a! continental! high! over! central!

Australia.!

Keenan! and! Carbone! (1992)! and! (2008)! have! shown! that! organized!

convection!develops!over!northern!Australia!(120°=150°E,!10°=20°S)!during!spring!

season.!An!easterly!wind!with!a!jet=like!maximum!about!4!m!s=1!dominates!the!near=

surface! layer!up! to!700!hPa!during! these!months.!This! low=level! jet!promotes! the!

development!of!convective!clouds!by!mixing!the!near=surface!layer!before!midnight.!

During! summer! (January=February),! low=level! westerly! wind! replaces! the! spring!

easterlies! and! marks! the! active! monsoon! season! in! Australia.! Convective! cloud!

development! is!more! frequent!due! to!high! surface!moisture.! Since! the! Indonesian!

Archipelago!has!a!complex!topography,!with!mountains!up!to!5!km!above!mean!sea!

level! (MSL)! (e.g.! Papua),! separate! small! landmasses,! and! SSTs! exceeding! 32°C!

during! the! Southern! Hemisphere! summer,! these! studies! find! it! hard! to! see! the!

connection!between!NLLC!and!NLLJ.!!!!

! Therefore! the!goals!of! the!present! study!are!as! follows.!Firstly,! the!present!

study! is! to! examine! the! interannual! variability! of! NLLC! and! NLLJ! over! northern!

Australia!and!the!Indonesian!Archipelago!(95=150°E,!6°N=24°S)!as!shown!in!Fig.!1!in!

the!presence!of!warm!and!cold!ENSO!events.!The! time! frame!of! this!study! is! from!

1999! to! 2014.! Based! on! Oceanic! Niño! Index! (ONI;! see!

http://www.cpc.ncep.noaa.gov/),! which! is! defined! as! a! 3=month! running!mean! of!

SST!anomalies!in!the!Niño=3.4!region!(5°S=5°N,!170°=120°W),!there!occurred!four!El!

Niño! events! (i.e.,! in! June! 2002=February! 2003,! July! 2004=April! 2005,! September!

2006=January!2007,!and!July!2009=April!2010)!and!four!La!Niña!events!(i.e.,!January!
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1999=March!2001,!August!2007=June!2008,!July!2010=April!2011,!and!August!2011=

March! 2012)! within! this! 16=year! period.! Secondly,! the! present! study! is! to! see!

whether!the!relationship!between!the!formation!of!NLLC!and!NLLJ!that!Schrage!and!

Fink!(2012)!have! found!over! the!southern!West!Africa! is!also! true! in! this!western!

Pacific!domain!especially!in!the!presence!of!ENSO!events.!!

!
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2. Data and methods 

 

This study uses three data sets, namely Integrated Surface Data (ISD), 

Radiosonde Observation (RAOB) data, and Sea Surface Temperature (SST) data. The 

ISD, which were acquired from the Archive of Global Synoptic Observation Data at the 

World Data Center for Meteorology, Asheville, NC, are available at 

http://www.ncdc.noaa.gov/isd/data-access and are organized according to the year and 

the World Meteorological Organization (WMO) weather station by which the data were 

produced. The RAOB data were obtained from the NOAA/ESRL Radiosonde Database at 

the National Climatic Data Center, and are available at http://www.esrl.noaa.gov/raobs/. 

The SST analyses were acquired from Met Office Hadley Center Sea Ice and Sea Surface 

Temperature data set (HadISST). The data, which are available at 

http://www.metoffice.gov.uk/hadobs/hadisst/, are taken from the Met Office Marine Data 

Bank.  

Since the study covers the northern region of Australia and the entirety of 

Indonesian archipelago, including Malaysia, Singapore, Brunei Darussalam, East Timor, 

and Papua New Guinea, this study uses the ISD from 344 WMO weather stations in the 

region, from 1999 to 2014. The temporal resolution is as good as 1 hour, especially the 

one from weather stations located in major cities, such as Singapore, Jakarta, and Darwin. 

However for many weather stations, the temporal resolution is between 3 and 12 hours, 

with observations taken generally at 0000, 0600, 1200, and 1800 UTC. Some stations, 

especially in the eastern region of Indonesia and Papua New Guinea have observation 
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data only during the morning hours or evening hours due to the limited human resources 

and unavailability of automated weather station in their small cities and rural areas. 

The ISD includes various observations, often including surface temperature, 

surface pressure, cloud types and coverage, and wind direction and speed. This study, 

which focuses mainly on the occurrence of NLLCs and NLLJs, uses only the observation 

data of the height of the cloud ceiling or the cloud base, and the total cloud coverage. 

This cloud ceiling and total coverage information are coded in columns 39 to 41 and 

columns 43 to 45 respectively in the WMO FM-12 SYNOP code 

(ftp://ftp.ncdc.noaa.gov/pub/data/noaa/ish-format-document.pdf), which is the code for a 

report of surface observation from a fixed land station. The height of cloud ceiling is 

measured in hundreds of feet and the total cloud coverage is measured in oktas. There is 

another method to determine the occurrence of the low-level clouds as explained by van 

der Linden et al. (2015) and Schrage and Fink (2012). Instead of using the cloud ceiling 

height data, the low-level cloud presence can be determined by the types of the clouds, 

such as stratocumulus and the quality of the lowest cloud cover. Both are given in the 

ISD. However, since the main purpose of the study is to examine the interannual 

variability of NLLC occurrence during ENSO years without putting more weight on the 

cloud types, the method of determining the NLLC by using the cloud ceiling height data 

and the cloud coverage is more appropriate. 

In this study, a low-level cloud is defined as a cloud, which has base less or equal 

to 914.4 m (3000 ft.) AGL and the total cloud coverage should be either broken (BKN) 

which ranges from 5/8 to 7/8 coverage or overcast (OVC) which is equal to full coverage. 

This height is considered appropriate since in some previous studies, the base of low-
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level clouds is no more than 2000 m AGL. In a research on tropical low-level clouds in 

Nangatchori (9.71°N, 1.69°E, central Benin), Schrage and Fink (2012) found that the 

mean cloud base height is 172 m AGL. Van der Linden et al. (2015) uses stratocumulus 

clouds which height is between 400 m to 2000 m AGL.  

The percentage of the low-level cloud occurrence over each station in this study is 

computed by firstly summing up the total cloud observations of each weather station for 

each hour and each month from 1999 to 2014, with only observations with the total cloud 

coverage of BKN and OVC counting in this procedure. Secondly, the number of the BKN 

and OVC observations with a ceiling of less than 914.4 m is summed up for each hour 

and each month within the 16-year period. The total number is called the number of the 

low-level cloud observations. Considering that the region of this study spans four time 

zones from +7 to +10 UTC, and therefore varies the local time of hourly observations 

from one station to another, this study groups the total observations into four major hours, 

namely 0000, 0600, 1200, and 1800 UTC. Each major hour has the total observations of 

the three sequential hours of observations. The number of observations at 0000 UTC, for 

instance, is the total number of the observations at 2300, 0000, and 0100 UTC. Therefore 

the whole data sets would have more or less uniform hourly observations. Finally, the 

percentage of the low-level cloud occurrence is defined as the fraction of the total low-

level cloud observations over the total cloud observations for each major hour and each 

month throughout the 16-year period.  

Since the focus of this study is to find the interannual variability of the NLLC 

occurrence in the presence of four warm ENSO events and four cold ENSO events, this 

study should ideally have taken into consideration the percentage at 1200 and 1800 UTC, 
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which are one to three hours after local sunset and one to three hours after local midnight 

respectively. However due to the sparseness of the data sets from the nighttime (1800 

UTC) observations, this study defines an NLLC as a low-level cloud occurring at 1200 

and 0000 UTC, which are one to three hours after local sunset and one to three hours 

after local sunrise respectively. With this data set arrangement, this study is able to show 

the annual cycle of the NLLC occurrence in the 16-year period.  

To determine whether the occurrence of low-level clouds during ENSO years is 

significantly different from that during the annual cycle of the 16-year period, the so-

called the normal years, this study performs the Mann-Whitney U test, which is a non-

parametric statistic test, for all the percentages of occurrence found at every weather 

station. This statistical test is used because the temporal frame of the variability extents 

only for 16 years. The study sets the test for 95 percent degree of certainty and for the 

sake of accuracy it does not include stations with more than three missing values in any 

ENSO year. 

Of 344 WMO weather stations in the region, 33 stations record RAOB data that 

provide upper-level atmospheric data such as heights, pressures, temperatures, dew point 

temperatures, wind speeds, and wind directions. This study uses the RAOB data of these 

33 WMO weather stations from 1999 to 2014 to determine the NLLJ occurrence. The 

temporal resolution is between 6 to 12 hours with exception of the three weather stations 

in Papua, namely Momote, Port Moresby, and Merauke, which record RAOB data once 

every 24 hours due to lack of human resources and the expenses involved. The 

observations are generally taken at 0000, 0600, 1200, and 1800 UTC. The vertical 

resolution of the RAOB data of several stations in the early years of 2000 is often sparse 
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due to missing data. It becomes a challenge as the present study uses the heights and the 

wind speeds in order to find the NLLJs.  

In this study, an NLLJ is defined as a level with a maximum wind speed between 

two levels with lower wind speed observations, at less than 2000 m AGL, with the speed 

greater than or equal to 4.0 m s-1. The jet should occur at 0000 and 1200 UTC, in order to 

be in the same time frame as the NLLC occurrence. The height and the speed are 

appropriate since a previous study in low-level jets over Australia used more or less the 

same definition. May (1995) defines the nocturnal jet over Australia as a well-defined 

wind speed maximum confined below 1500 m. His study found that the jet’s minimum 

zonal wind speed is -4.7 m s-1 and its minimum meridional wind speed is -0.1 m s-1.  

Within the 2000 m AGL, wind profiles frequently depict more than one possible 

low-level jet. In this situation the study only takes the lowest low-level jet into account 

for simplifying calculation and analysis. Generally the low-level jets in the region are 

found between 600 to 1200 m AGL, which are therefore consistent with the finding in the 

aforementioned study conducted by May (2015). However, missing some wind data 

throughout the first 2000 m AGL is also quite common among the RAOB data obtained 

from weather stations in the eastern region of the Indonesian Archipelago, possibly due to 

various technical problems during the balloon’s flight. The missing data do not enable 

this study to determine the presence of any low-level jet.        

The percentage of low-level jet occurrence is obtained by computing the fraction 

of the total number of observed low-level jets over the total number of observations for 

each hours and each month from 1999 to 2014. Considering the four different time zones 

that the region spans, this study has summed up the tally of the three sequential hours 
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prior to the finding of the annual occurrence. Therefore, the final result for each station 

contains only the percentage of the low-level jet occurrence for the four major hours, 

namely 0000, 0600, 1200, and 1800 UTC. By finding the total percentage, the study is 

able to show the annual cycle of the low-level jet occurrence and the low-level jet 

occurrence during the ENSO years for each station.  

Since this study is interested only in the interannual variability of NLLJ 

occurrence during ENSO years, the study performs the Mann-Whitney U test with similar 

conditions to the one for the low-level cloud occurrence in order to determine if the 

ENSO year low-level jet occurrence is different from the normal year low-level jet 

occurrence. Finally several plot and charts to show the interannual variability of NLLJ 

occurrence as well as of NLLC occurrence during ENSO years are made.  

Since close to 50% of the domain is covered by water, this study uses the SST 

data to give the background temperatures of the domain. The SST data, which are in 

degree C *100 is stored in ASCII format, arranged by month and year, and laid out in a 

180 x 360 grid which represents the latitudes and the longitudes of the Earth. Therefore 

the spatial resolution is around 110.5 x 111.0 km at this domain.  

The study utilizes the same method of statistic analysis applied for the low-level 

cloud and low-level jet occurrence to determine whether the SSTs are significantly 

warmer or colder during the ENSO events than that during normal years. In order to do 

the statistic test, this study computes the average SST of each month for each year. The 

results become the input for the statistic test. 
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3. The SST anomalies during ENSO events 

 

Many studies over decades (Bjerknes 1969; Nicholls 1979; Rasmusson and 

Carpenter 1982; Deser and Wallace 1990; Hendon 2003; Rauniyar and Walsh 2013) have 

shown that a complex air-sea interaction plays a significant role in both warm and cold 

ENSO events. Based on observations, during warm ENSO events (also known as El 

Niño), the SSTs over the central and eastern Pacific are anomalously warm while the 

western Pacific SSTs, which are usually warm, are cooler than normal. The basin-wide 

SST anomalies are also accompanied by surface pressure changes in the western and 

eastern Pacific. In Darwin, Nauru, Jakarta, and Cocos Islands, the surface pressure 

increases, while in San Francisco, Tahiti, and Lima, decreases (Walker 1924; Julian and 

Chervin 1978, Allen et al. 1991). Along with this pressure change, the Walker 

Circulation, a zonal atmospheric circulation that governs easterly winds over the Pacific, 

also weakens during warm ENSO events. The surface high-pressure anomaly in the 

western Pacific reduces the intensity of the easterly winds along the Equator at the 

surface. As a result, the convection that usually occurs over Indonesia shifts to the central 

and eastern Pacific, where the surface pressure is low and the SSTs are anomalously 

warm (Bjerknes 1969). The opposite situation is true for cold ENSO events (also known 

as La Niña). The SSTs over the western Pacific are anomalously warm; the pressure is 

anomalously low; and the persistent easterly winds prevail over the Pacific. Anomalously 

strongly convection occurs over Indonesia. 

Even though it is hard to understand whether the oceanic oscillation induces the 

changes in the atmospheric circulation or vice versa (Bjerknes 1969), it is clear that SST 
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anomalies over the Pacific mark both ENSO events. Therefore, this study first addresses 

the SST features of the Pacific and the Indian Ocean during the warm ENSO and cold 

ENSO events during 16 years, namely from 1999 to 2014. Computing the significant 

difference of the SSTs between the ENSO years and the 16-year climatology, which is 

referred to in the present study as the normal years, this study finds that northern 

Australia and the Indonesian Archipelago are not simply surrounded by anomalously cold 

SSTs during the warm ENSO and by anomalously warm SSTs during the cold ENSO 

events. Instead, two opposite SST regimes dominate the domain at the same time and 

switch as the regional dry season (non monsoon) changes into the wet season (monsoon) 

during the ENSO events.  

In northern Australia and the Indonesian Archipelago, the dry seasons occur in 

June, July, August (JJA) and September, October, November (SON) (Hendon 2003). In a 

warm ENSO year, by about June the SSTs over the southeastern Indian Ocean are 

anomalously cold, while the SSTs over the western Pacific do not change much (Fig. 2a 

and Fig. 2b). As the Southern Hemisphere winter in Australia and the dry season in the 

Indonesian Archipelago progress and reach its peak in August and September as shown 

in Fig. 2c and Fig. 2d, the negative SST anomaly covers almost the entire eastern Indian 

Ocean while the western Pacific SSTs also become anomalously cold. Therefore, during 

JJA and SON, the SSTs surrounding northern Australia and the Indonesian Archipelago 

show almost uniformly a negative anomaly, except the SSTs surrounding Sumatra and 

the Malay Peninsula, which demonstrate no temperature anomaly (Fig. 2). In the study, 

the month of June does not show any SST anomaly even though the ONI shows that three 

warm ENSO events began in June. 
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In this warm ENSO year, as the domain enters the wet seasons of December, 

January, February (DJF) and March, April, May (MAM) (Hendon 2003), the negative 

SST anomaly over the eastern Indian Ocean gradually switches into a positive anomaly 

as shown in Fig. 3. Beginning in December the western and central Indian Ocean turn to 

be anomalously warm, and by March, the entire Indian Ocean is warmer than normal 

(Fig. 3a and Fig. 3d). Through DJF the western Pacific Ocean maintains its anomalously 

cold SSTs; this negative anomaly decays in March. These two opposite anomalies during 

DJF and MAM divide the domain into two distinct SST anomaly regions. The SSTs 

around northern Australia and Papua (NAP) are anomalously cold, while the SSTs 

around the western Indonesian Archipelago (i.e. Borneo, Java, Sumatra, and the Malay 

Peninsula) (WIA) are anomalously warm. In this study, the SST anomalies in May during 

the warm ENSO year are not shown because the ONI does not indicate any warm ENSO 

events occurring during the month of May between 1999 and 2014. 

In a cold ENSO year (Fig. 2), the reverse situation in the western Pacific exists, 

but not in the Indian Ocean. In June, the SSTs over the eastern and western Indian Ocean 

are colder than normal. As the dry seasons (JJA and SON) progress over the domain, the 

SSTs off the coast of western Australia become anomalously warm while small areas in 

the northern and western Indian Ocean maintain their negative SST anomalies throughout 

the season. The two distinct anomalies become pronounced in November shown in Fig. 

2l. Over the western Pacific, the negative SST anomaly gradually decreases and switches 

into a positive one in the onset of SON (Fig. 2j). Due to the influence of the western 

Pacific and the Indian Ocean SST anomalies, the SST anomalies of the domain are 



! 17!

almost entirely negative in June. Gradually the SSTs surrounding NAP become 

anomalously warm while the SSTs around WIA remain anomalously cold.      

 During the cold ENSO year, as the Southern Hemisphere summer and the wet 

season (DJF, MAM) begin in northern Australia and the Indonesian Archipelago 

respectively, the SSTs of the Indian Ocean become anomalously cold, except those off 

the coast of western Australia, which remain warmer than normal as shown in Fig. 3g. 

The positive SST anomaly in the western Pacific becomes more pronounced as the 

anomalously cold SSTs dominate the central and eastern Pacific especially in January, 

February, and March (Figs. 3h, 3i, and 3j). Due to these two opposite SST anomalies, the 

domain once again is divided into two SST anomaly regions during DJF and MAM. The 

SSTs surrounding NAP become anomalously warm and reach its peak in January. This 

positive anomaly decays by April and eventually turns into a negative anomaly in May as 

shown in Fig. 3k and Fig. 3l. The SSTs surrounding WIA become colder than normal in 

December. This negative anomaly remains from February through May, as the SSTs of 

the tropical eastern Indian Ocean become colder than normal. 

This finding that the SST anomalies around NAP and WIA during the ENSO 

events are dependent on the seasonal change confirms the finding by previous studies 

(Julian and Chervin 1978; Nicholls 1981; Rasmusson and Capenter 1981; Barnett et al. 

1991; Hendon 2003; Su and Jiang 2013; Radley et al. 2014), in which the Indian Ocean 

tends to have positive SST anomalies as the wet season begins during warm ENSO 

events, while the SSTs over the western Pacific tend to be anomalously cold. None of the 

studies have looked for the SST anomalies during cold ENSO events since the SST 

patterns of cold ENSO events are only an augmentation of normal year SSTs and are not 
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associated with any significant decrease in convection and precipitation in the tropical 

western Pacific (Rauniyar and Walsh 2013).   
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4. The annual cycle of NLLC occurrence 

 

Besides the interannual variations of SSTs in the presence of the warm and cold 

ENSO events in the domain, this study finds that the NLLC annual cycle in the domain is 

fairly consistent with the contrast created by the two opposite SST anomalies in the 

domain. The maximum of the NLLC occurrence in WIA generally occurs in DJF and the 

minimum occurrence in JJA. As shown in Fig. 4, the maximum of the NLLC occurrence 

in Kuching (1.56°N, 110.34°E) is around December and January. At 0000 UTC (i.e., one 

hour after local sunrise) the occurrence is 48% and at 1200 UTC (i.e., one hour after local 

sunset) the occurrence is 35%. The occurrence decreases gradually through the course of 

the year and it reaches its minimum around June and July with 16% occurrence at 0000 

UTC. A similar annual cycle happens in Makassar (5.13°S, 119.42°E) as shown in Fig. 5. 

The NLLC occurrence is peaked in December and January with 47% at 0000 UTC (i.e., 

two hours after local sunrise) and 44% at 1200 UTC (i.e., two hours after local sunset). 

As the wet season progresses the occurrence decreases and reaches its minimum during 

the months from June to August, with 6% occurrence at 0000 UTC and 9% occurrence at 

1200 UTC.              

 In NAP, the maximum of the NLLC occurrence generally happens in JJA and the 

minimum in DJF. In Darwin (12.45°S, 130.83°E), as shown in Fig. 6, the NLLC 

occurrence peaks around June and July. The occurrence at 0000 UTC (i.e., two and a half 

hours after local sunrise) is 43% and at 1200 UTC (i.e., two and a half hours after local 

sunset) is 61%. As the Southern Hemisphere approaches spring, the NLLC occurrence 

decreases and reaches a minimum in December and January with 17% at 1200 UTC. In 
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Ambon (3.7°S, 128.17°E), an island off the coast of West Papua, the peak of the NLLC 

occurrence also occurs in June and July. Figure 7 shows that the maximum of the NLLC 

occurrence is 43% at 0000 UTC (i.e., two and a half hours after local sunrise) and 41% at 

1200 UTC (i.e., two and a half hours after local sunset). The occurrence decreases in the 

following months and reaches its minimum in February with the occurrence of only 10% 

at 0000 UTC and 9% at 1200 UTC.          

 Given the fact that the maximum of the annual NLLC occurrence in NAP and 

WIA occur 6 months apart, the present study has made an attempt to compare the 

maximum of the NLLC occurrence with the annual mean SSTs in the domain. Using the 

SST anomalies of the cold ENSO data, which are the accentuation of the normal SST 

features of the domain, and also the monthly composite mean of SSTs from the 

NOAA/ESRL reanalysis, the study finds that the maximum in the NLLC occurrence 

tends to happen during the time of year when SSTs are lowest. It is in DJF for WIA as 

shown in Fig. 8 and JJA for NAP as shown in Fig. 9. These cold SSTs occur during the 

wintertime in the Northern Hemisphere, in which WIA is mostly situated, and during the 

wintertime in the Southern Hemisphere, in which NAP is situated.  

 The peak development of the NLLC over the cold part of the tropical ocean is 

most likely due to air-sea coupling relationship. Klein and Hartmann (1993) and Wood 

(2012) have demonstrated that low-level clouds such as stratocumulus, which are known 

to dominate one fifth of the Earth’s surface, favor an environment where there is strong 

lower-tropospheric stability, a temperature inversion, and large-scale subsidence. The 

emission of the longwave radiation tends to drive the atmosphere toward saturation, 

especially when the SST is warmer than the near-surface layer temperature. Moreover, 
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turbulent mixing helps modify the moisture and temperature structure of the layers and 

creates large-scale saturation. The temperature profile of the layers, which is originally 

unstable may become near neutral and even generate capping inversion. Thus the 

suppression of deep moist convection due to this strong lower-tropospheric stability 

transforms the saturated layer into stratocumulus clouds.                

 The maintenance of the stratocumulus clouds is related to the diurnal cycle of 

insolation (Duynkerke and Hignett 1993; Wood 2012). During daytime, the absorption of 

solar radiation happens only in the upper part of the clouds. This shortwave absorption 

maintains and enhances the formation of a stable layer below the cloud base. Thus, the 

temperature below the stable layer is increasing with height. As a result, vertical mixing 

becomes weak. During nighttime, the upper part of the clouds emits the longwave 

radiation. This radiative cooling process gives buoyancy production throughout the 

boundary layer, and so induces turbulence and vertical mixing. Due to this processes, the 

maximum coverage of stratocumulus clouds tends to be in the morning hours before 

sunrise.   
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5. Interannual variability of NLLC with respect to the phase of ENSO  

 

  Since the annual cycle of NLLC occurrence is sensitive to the changes in SSTs 

across the domain, the annual cycle of NLLC occurrence may also respond to the SST 

anomalies affecting the domain due to warm and cold ENSO events. Using the 16-year 

ISD from 344 WMO weather stations operating in the domain, and analyzing the data 

using the Mann-Whitney U test, the present study finds that the annual cycle of NLLC 

occurrence does show variability in response to the negative and positive SST anomalies 

during the warm and cold ENSO events. This interannual variability is most pronounced 

during DJF, which is typically the so-called peak during ENSO events. Other than this 

three-month period, the modulation of the annual cycle by the superimposed interannual 

variability is still apparent but the pattern is less obvious. As was shown in Chapter 4, the 

DJF period is characterized by high NLLC occurrence in WIA and low NLLC occurrence 

in NAP. 

 

a. Warm ENSO years vs. normal years 

 

 In December during the warm ENSO events, the NLLC occurrence over NAP 

does not show a big difference (Fig. 10). Almost all weather stations in NAP observed 

more or less the same percentage of NLLC occurrence between the warm ENSO years 

and the normal years. There are at least four WMO stations that saw a significant 

difference based on the Mann-Whitney U test; two in northern Papua at 1200 UTC and 

the other in Australia at 0000 and 1200 UTC. All four observed a decrease in the NLLC 
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occurrence. However, there are many WMO stations in WIA that observed statistically 

significant changes. Some WMO stations in northern Borneo and the Malay Peninsula 

saw some intensification of the NLLC occurrence at both 0000 and 1200 UTC 

observations. The only statistically significant decrease of NLLC is found over East Java 

and Sulawesi at 1200 UTC. 

 In January during the warm ENSO events, NAP exhibits a statistically significant 

increase in the NLLC occurrence (Fig. 11). Three WMO stations in Australia and three 

WMO stations in Papua observed an increase in NLLC occurrence during the warm 

ENSO events at 0000 UTC. Only one station in northern Papua shows this increase at 

1200 UTC, while many Australian WMO stations had no observations around this hour. 

On the other hand, in WIA there are WMO stations with increased occurrence of NLLC 

and WMO stations with decreased occurrence of NLLC during the warm ENSO events. 

The WMO stations in Java and in the islands to the east of it observed less NLLC 

occurrence than normal at 0000 UTC and 1200 UTC. In the Malay Peninsula, the 

observations result in higher NLLC occurrence than normal at 0000 UTC, but show no 

statistically significant change at 1200 UTC. The WMO stations in Borneo and Sulawesi 

have no consistency in the NLLC anomalies; some stations observed an increase while 

some others observed a decrease.  

 In February during the warm ENSO events, NAP still experiences the positive 

anomaly of NLLC occurrence of January (Fig. 12). Three WMO stations in Australia and 

two in Papua, which were different from those in January, observed statistically higher 

NLLC occurrence during the warm ENSO years than the normal years. However there 

were also three WMO stations in northern Papua showing a significant decrease in NLLC 
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occurrence at this time of year during this phase of ENSO. This is only true at 0000 UTC 

and not at 1200 UTC. Over WIA, four WMO stations in Java and Sumatra observed 

significantly lower NLLC occurrence than normal at 0000 UTC, and another four WMO 

stations observed the same negative anomaly at 1200 UTC. However, two stations in 

western Borneo observed an increase of NLLC occurrence at 0000 UTC even though the 

neighboring WMO stations exhibited a decrease of NLLC occurrence at 1200 UTC.      

 

b. Cold ENSO years vs. normal years 

 

 Compared to the anomalies during warm ENSO events, the anomaly pattern 

during cold ENSO events is almost the antithesis. Figure 13 depicts the NLLC occurrence 

anomalies in December. At 0000 UTC, almost all WMO stations in NAP exhibit no 

significant change in the NLLC occurrence during the cold ENSO events compared to the 

normal years. At 1200 UTC, the NLLC occurrence remains the same as it is in the normal 

years, except over East Timor and its surrounding islands, in which the NLLC occurrence 

is anomalously negative. In WIA, the NLLC occurrence at 0000 UTC is also equal to the 

normal years, but at 1200 UTC, some WMO stations in Sumatra and Java observed 

anomalously low NLLC occurrence. Christmas Island, south of Java, is the only station 

that exhibits consistency in this decrease both at 0000 and 1200 UTC.     

 In January during the cold ENSO events, some WMO stations in NAP observed 

an anomalously low occurrence of NLLC, especially at 0000 UTC (Fig. 14). Many WMO 

stations in NAP that observed an increased NLLC occurrence during the warm ENSO 

events (Fig. 11) observed a decreased NLLC occurrence during the cold ENSO events. 
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Two of the aforementioned WMO stations are consistently exhibiting low NLLC 

occurrence at 0000 and 1200 UTC. In WIA, the anomalies of the NLLC occurrence do 

not appear uniform. The WMO station in Jakarta (Java) shows an increased NLLC 

occurrence both at 0000 and 1200 UTC, but those in Sumatra, Borneo, and the Malay 

Peninsula show negative anomalies at some times and positive anomalies at others, with 

some stations showing the negative anomalies at 0000 UTC and the positive anomalies at 

1200 UTC. Figure 14b even indicates that there are two WMO stations in Borneo 

observing two opposite significant changes, even though they are in close proximity to 

each other. It is beyond the scope of the present study to determine the reasons for this 

variability over such small scales.  

    In February during the cold ENSO events, some WMO stations in NAP continue 

to show the negative anomalies of the NLLC occurrence of January (Fig. 15) especially 

at 0000 UTC since many WMO stations in NAP took the morning observations. At 1200 

UTC, none of these stations observed any statistically significant change in the NLLC 

occurrence between the cold ENSO years and the normal years. In WIA, the increase of 

NLLC occurrence was observed over Java, Sumatra, and the Malay Peninsula at 0000 

UTC. Two WMO stations in Borneo observed higher NLLC occurrence than normal at 

1200 UTC. Among the many WMO stations in WIA, the WMO station in Jakarta is the 

only one consistently having an increased NLLC occurrence both at 0000 and 1200 UTC.     
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c. Consistency between the SST anomalies and the NLLC occurrence 

 

Given the fact that the annual cycle of NLLC in the domain during DJF is 

characterized by high NLLC occurrence in WIA (Fig. 4 and Fig. 5) and low NLLC 

occurrence in NAP (Fig. 6 and Fig. 7), this study demonstrates that the warm and cold 

ENSO events from 1999 to 2014 alter the annual cycle of NLLC occurrence in WIA and 

NAP (Figs. 10, 11, 12, 13, 14, and 15). During the peak of warm ENSO events (i.e., in 

DJF), the NLLC occurrence in WIA decreases below the normal values while in NAP it 

increases above the normal values. During the peak of cold ENSO events (i.e., in DJF), 

the NLLC occurrence in WIA increases above the normal only in February, while in 

NAP, the NLLC occurrence decreases below the normal throughout DJF. These 

decreased and increased NLLC occurrences are consistent with the patterns of the SST 

anomalies surrounding the domain during the peak of the warm and cold ENSO events. 

During the warm (cold) ENSO events, the SST anomaly around WIA is positive 

(negative) while around NAP is negative (positive). Therefore, these results are in 

agreement with the explanation in Chapter 4 that the warm SSTs contribute less to the 

development of low-level clouds than the cold SSTs do. 

As demonstrated in this study, during JJA the annual cycle of NLLC occurrence is 

at a minimum in WIA and a maximum in NAP. The presence of warm ENSO events 

should have significantly increased the NLLC occurrence in WIA and decreased the 

NLLC occurrence in NAP. However, this assumption would work only if a significant 

difference between the normal and the anomalous SSTs exists during JJA. The study 

finds that the difference does not exist. Neither does the ONI indicate strong index during 
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JJA. As a result, the study is unable to prove any connection between the SST anomalies 

and the anomalies of NLLC occurrence due to ENSO events. 

Figure 16 shows the lack of agreement between the SST anomalies and the 

anomalies of NLLC occurrence in the domain during the warm ENSO events. Several 

WMO stations in NAP observed a decreased NLLC occurrence during these three 

months. However, several WMO stations in WIA also saw the same decrease. Exceptions 

occur in August at 0000 and 1200 UTC where increased NLLC occurrence is seen across 

the domain, and also in July at 1200 UTC where three stations in NAP observed more 

NLLC occurrence than normal. 

Another lack of agreement also appears during the cold ENSO events as shown in 

Fig. 17. In June, both NAP and WIA exhibit negative and positive NLLC anomalies, 

especially at 0000 UTC. In July and August at 0000 UTC, some WMO stations in Borneo 

observed a significant increase in the NLLC occurrence while other stations in other part 

of the domain show a significant decrease. At 1200 UTC, these stations in Borneo did not 

observe any statistically significant change in the NLLC occurrence. However, in August 

at 1200 UTC, almost all stations that observed a decreased NLLC occurrence have shown 

the decrease in NLLC occurrence in July at 0000 UTC.   
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6. The annual cycle of NLLJ occurrence  

 

Similar to the NLLC, the NLLJ in the domain also has its annual cycle. Unlike the 

annual cycle of NLLC occurrence, the annual cycle of NLLJ – observed by 33 WMO 

stations mostly in the coastal areas – consists of two maxima that approximately coincide 

with the peak of Southern Hemisphere winter and summer seasons. In WIA, the primary 

maximum of NLLJ occurrence happens in DJF with a secondary maximum in JJA. 

Figure 18 shows that the primary maximum of NLLJ occurrence in Kuching is in January 

and February, with 79% occurrence at 0000 UTC and 90% occurrence at 1200 UTC. The 

secondary maximum of NLLJ occurrence happens in August with 77% occurrence at 

0000 UTC. In Medan (3.58°N, 98.66°E), a similar annual cycle of NLLJ occurrence also 

occurs (Fig. 19). The peak is reached around January and February with 70% occurrence 

at 0000 UTC (i.e., one hour after sunrise) and 66% at 1200 UTC (i.e., one hour after 

sunset). The secondary maximum is also observed in July and August, with around 60% 

occurrence in both hours.  

Even though its annual cycle of NLLC occurrence is similar to those in WIA, the 

annual cycle of NLLJ occurrence in Makassar does not exhibit agreement with the annual 

cycle observed by other stations in WIA. Makassar, as demonstrated in Fig. 20, shares a 

common annual cycle of NLLJ occurrence with WMO stations in NAP of which the 

primary maximum is observed in JJA. The primary maximum of NLLJ occurrence in 

Makassar occurs in August, with 70% occurrence at 0000 UTC and 72% occurrence at 

1200 UTC. The secondary maximum is found in February with around 60% occurrence 

both at 0000 UTC and 1200 UTC. Figure. 21 shows that the NLLJ occurrence in Darwin 



! 29!

reaches its maximum in June, with 96% and 83% occurrence at 0000 UTC and 1200 

UTC respectively. The statistical calculation at 0000 UTC clearly shows that the 

secondary maximum of NLLJ occurrence is in February with 76% occurrence, but at 

1200 UTC the secondary maximum in DJF is not well pronounced. Much as was the case 

in Makassar and Darwin, the annual cycle of NLLJ occurrence in Ambon reaches its 

maximum during the Southern Hemisphere winter (Fig. 22). The primary maximum at 

0000 UTC (i.e., three hours after sunrise) happens in June with 81% occurrence and at 

1200 UTC (i.e., three hours after sunset) in August with 84% occurrence. The secondary 

maximum is in February and January with 71% occurrence.  

While all five WMO stations that give the features of the annual cycle of NLLJ 

occurrence in the previous paragraphs are situated in coastal areas, there are two WMO 

stations in this domain situated far inland, namely Alice Springs (23.7°S, 133.8°E) and 

Mount Isa (20.7°S, 139.5°E). The maxima of the annual cycle of NLLJ occurrence found 

in these stations occur during the Southern Hemisphere spring (SON) and fall (MAM). 

Figure 23 and Fig. 24 depict the annual cycle of NLLJ occurrence in Alice Springs and 

Mount Isa respectively. The spring and fall maxima in Alice Springs are more 

pronounced than those in Mount Isa. This maximum in NLLJ occurrence observed in the 

spring and the fall agrees with the study of May (1995) that has demonstrated that spring 

and fall are favorable for NLLJ development due to less extensive cloud cover, 

significant pressure gradient between the monsoon trough to the north and a continental 

high over central Australia, and stronger geostrophic wind due to the large pressure 

gradient. That study has also demonstrated that there is no sea breeze influencing the 

NLLJ development.  
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A few studies (Rasmusson and Carpenter 1982; Barnett et al. 1991; Hendon 

2003) have demonstrated that SST gradients during warm ENSO events drive surface 

wind fields in the tropical Pacific. However, the present study has not found any literature 

on the relationship between SST gradients and low-level jets. The existence of the two 

NLLJ peaks occurring in DJF and JJA in the annual cycle seems to indicate that the 

NLLJ is sensitive to the annual change in SST gradients. During DJF or the Southern 

Hemisphere summer, the SST gradient in the domain is relatively large (Fig. 25c). As it is 

shown in Fig. 25a, the SST gradients generate northwesterly low-level winds greater than 

4.00 m s-1 in the domain. A similarly large SST gradient is observed during JJA or the 

Southern Hemisphere winter (Fig. 26d). Figure 26b shows that the low-level winds 

greater than 4.00 m s-1 are mostly easterly over Australia and become southeasterly near 

the equator. Therefore the NLLJ peak occurrence is closely related to large SST 

gradients, and it appears that the highest peak is always observed over the region which 

experiences relatively cold SST in its annual cycle.           
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7. Interannual variability of the NLLJ with respect to the phase of ENSO  

  

 If it is true that the annual cycle of NLLJ occurrence is sensitive to the changes in 

SST gradients as demonstrated in Chapter 6, the annual cycle of NLLJ occurrence in the 

domain may also respond to changes in the SST gradients associated with the SST 

anomalies due to the warm and cold ENSO events. As will be shown in this chapter, the 

present study finds only a handful WMO stations that exhibit negative and positive 

anomalies of the NLLJ occurrence as the ENSO events occur. Similar to the variability of 

NLLC occurrence, the variability of NLLJ occurrence due to ENSO events is most 

pronounced during the peak of ENSO events in DJF. Significant anomalies are rarely 

observed in MAM, JJA, and SON.     

 

a. Warm ENSO years vs. normal years   

 

 During the warm ENSO events, NAP generally experiences no change in the 

NLLJ occurrence in December. As shown in Fig. 27, the WMO station in Gove, northern 

Australia is the only one that observed a significantly increased NLLJ occurrence at 0000 

UTC. In WIA, there are four WMO stations showing a negative anomaly in NLLJ 

occurrence at 0000 UTC and two WMO stations at 1200 UTC. The WMO station in 

Jakarta exhibits consistency in the decrease since it observes the decrease both at 0000 

and 1200 UTC.  

 In January (Fig. 28), six WMO stations in NAP observed a significantly increased 

NLLJ occurrence at 0000 UTC. All of them, however, show no significant change in 
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NLLJ at 1200 UTC. All WMO stations in the region observed a normal NLLJ 

occurrence. In WIA, there is only one station observing a decrease in NLLJ occurrence at 

0000 UTC and another one at 1200 UTC.  

In February, in NAP, an increased NLLJ occurrence at 0000 UTC is observed in 

two WMO stations (Fig. 29), namely Ambon and northern Australia. At 1200 UTC, there 

are three WMO stations (i.e., Darwin, Mount Isa, and north Sulawesi) showing an 

increase. At the same time, the stations in WIA generally observed no statistically 

significant change in the NLLJ occurrence, except three WMO stations in three separate 

islands, where there is a decrease in NLLJ occurrence during the warm ENSO events.   

 

b. Cold ENSO years vs. normal years 

 

 During cold ENSO events, the opposite situation happens for NAP, but not for 

WIA. As shown in Fig. 30, in December two WMO stations in NAP experience a 

decrease in the NLLJ occurrence at 0000 UTC, while in WIA, three WMO stations also 

shown a decrease. Many WMO stations in the domain do not show any significant 

change in December.   

The trend of the negative anomaly of NLLJ occurrence in NAP intensifies in 

January (Fig. 31). Seven WMO stations in the region show a statistically significant 

decrease of NLLJ occurrence at 0000 UTC. In January, the cold ENSO events have the 

opposite impact on the NLLJ occurrence as the warm ENSO events did (Fig. 28). During 

the warm ENSO events, the WMO stations in NAP generally exhibit more NLLJ 

occurrence than normal, whereas during the cold ENSO events, they generally exhibit 



! 33!

less NLLJ occurrence than normal. On the other hand, the WMO stations in WIA 

generally show no significant change in the NLLJ occurrence, except two WMO stations 

over northern Borneo, which consistently exhibit a negative anomaly at 0000 and 1200 

UTC.  

 Figure 32 shows the condition where the cold ENSO events modify the normal 

climatological cycle of NLLJ occurrence in February. In general, the WMO stations in 

NAP show no significant change in the NLLJ occurrence at 0000 and 1200 UTC. There 

are only two WMO stations that still experience the negative anomaly of NLLJ 

occurrence at 0000 and 1200 UTC. Over WIA, the WMO stations generally observed 

normal NLLJ occurrence throughout February. A consistent negative anomaly of NLLJ 

occurrence at 0000 and 1200 UTC is only found in one WMO station in northern Borneo.  

 

c. Consistency between the SST anomalies and the NLLJ occurrence 

 

 Even though only a few WMO stations in the domain show the variations of the 

NLLJ occurrence due to the ENSO events, those WMO stations show a consistent 

anomaly with one another. The study finds that the WMO stations in NAP experienced a 

significant increase (decrease) in NLLJ occurrence in January during warm (cold) ENSO 

events. The increase (decrease) coincides with a negative (positive) SST anomaly 

surrounding the region during the warm (cold) ENSO events. The WMO stations in WIA 

generally did not experience any NLLJ anomaly during either the warm or cold ENSO 

events. One could hypothesize that the NLLJ in Australia is driven not only by SST 

gradients but also by large pressure gradient due to higher latitude environment, the vast 
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and flat terrain, and the sudden reduction of turbulent mixing near sunset causing 

viscosity reduction as demonstrated by May (1995) and Shapiro and Fedorovich (2009).  

The region of WIA, on the other hand, has formidable complexities; it is the most 

active regions for deep convection on Earth; it consists of thousands of small landmasses 

surrounded by relatively warm seas; and its topographic features are dominated by 

mountains and valleys (Keenan and Carbone 2007). The NLLJ is likely developed by a 

different set of factors and processes. Since it is situated around the equator and near 

relatively warm seas, pressure gradients, geostrophic winds, and rapid reduction of the 

daytime turbulent mixing certainly are not likely to be significant factors. However, 

Pamperin and Stilke (1985) and Stensrud (1996) have shown that diurnal heating over 

terrains with complex features produces both slope and valley wind systems that can 

cause low-level jets. It is possible that such mechanisms are the reason the NLLJ 

occurrence in the region shows its annual cycle but not the anomaly during the warm and 

cold ENSO events from 1999 to 2014.  
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8. Relationship between NLLC and NLLJ  

  

 Based on the annual cycle analysis in the previous chapters, both the NLLC and 

the NLLJ occurrence exhibit their maxima at the same time of year. In WIA, the NLLC 

maximum and the NLLJ maximum occur in DJF, and in NAP they occur in JJA. 

However, the NLLC minimum and the NLLJ minimum do not occur at the same time of 

year in both regions. Whereas the NLLC minimum occurs only once a year (that is, either 

in the summer or in the winter, depending on the region), the NLLJ minima occur twice 

annually, namely in the spring and in the fall. As a result, the NLLJ occurrence has a 

secondary maximum either in the summer or winter, depending on the region. As 

mentioned in Chapter 6, the two maxima and the two minima of NLLJ occurrences are 

likely due to the large SST gradients during the Southern Hemisphere summer and 

winter. 

 In the presence of ENSO events, the maximum of NLLC occurrence also 

approximately coincides with the maximum of NLLJ occurrence. As shown in Figs. 11a, 

14a, 28a, and 31a, January is the best month of the year to see the variability of the 

NLLC occurrence and the NLLJ occurrence, which is modulated by the warm and cold 

ENSO events. NAP clearly exhibits the significant NLLJ and NLLC anomalies during 

the warm and cold ENSO events. During the warm ENSO events, both the NLLC and 

NLLJ occurrence increase, while during the cold ENSO events, the reverse situation 

occurs. On the other hand WIA does not exhibit significant NLLJ anomaly either in the 

warm or cold ENSO events, even though it exhibits the NLLC anomalies in both phases 
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of ENSO events. During warm ENSO events, the NLLC occurrence decreases, while 

during cold ENSO events, the NLLC occurrence increases.  

 The simultaneous occurrence of the NLLJ and the NLLC maxima raises a 

question whether these two are related. Due to the observation-time resolution of the 

NLLJ data, the present study is not able to trace the development of NLLJ hour by hour. 

As a result, the study finds it hard to verify whether the maximum occurrence of the 

NLLC is directly related to the maximum occurrence of the NLLC, and whether the 

NLLJ affects the development of NLLC as observed by Schrage and Fink (2012). Only 

few studies about low-level jets and low-level clouds in Australia address the relationship 

between the two.  

If they are directly related, the most likely explanation is that the NLLJ induces 

the development of the NLLC. Stensrud (1996) has demonstrated that low-level jets are 

better developed after sunset as the turbulent mixing within the planetary boundary layer 

(PBL) ceases. The height of this jet is at the top of the nocturnal temperature inversion. 

As explained by May (1995), this NLLJ may also be induced by sea breeze. Since many 

of the WMO stations used in this study are situated in coastal areas, it is possible that sea 

breeze is involved in the NLLJ development. Through the night, the jet strengthens, 

especially during the Southern Hemisphere summer (Keenan and Carbone 2008). It 

generates dynamic instability in the PBL. As a result, it transports moisture horizontally 

and vertically, causing latent heat release and saturation in the near-surface layer. It is 

also possible that superposition of low-level jets with upper-level jets boosts the upward 

vertical motion.  
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Supposing this direct relation of the development of the NLLC and the NLLJ is 

true, further explanations are needed in regard to the one maximum in the annual cycle of 

NLLC occurrence and the two maxima in the annual cycle of NLLJ occurrence. As 

mentioned in Chapters 4 and 6, this present study finds that in NAP the maximum 

(minimum) of the NLLC occurrence is in JJA (DJF), whereas in WIA, the maximum 

(minimum) is in DJF (JJA); and the study also finds that in NAP the primary (secondary) 

maximum of the NLLJ is approximately in JJA (DJF) whereas in WIA the primary 

(secondary) maximum is approximately in DJF (JJA). Thus, the minimum of NLLC 

occurrence either in summer or winter – depending on the region – more or less 

corresponds with the secondary maximum of NLLJ occurrence. This disagreement 

between the annual cycle of NLLC occurrence and the annual cycle of NLLJ occurrence 

may involve some other factors not included to this study. Such factors might include 

moisture availability in the near surface layers, wind vectors of the NLLJ, and surface 

pressure.  
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9. Conclusions 

 

From 1999 to 2014, there were four warm ENSO events and four cold ENSO 

events affecting north Australia and the Indonesian Archipelago. During either the warm 

or the cold phase of ENSO, the exact pattern of SST anomalies is a function of the time 

of year and the geographic location in question. At the peak of both ENSO events, which 

generally occurs in DJF (i.e., the monsoon season in Australia and the wet season in the 

Indonesian Archipelago), the domain is divided into two contrasting SST anomaly 

regions, namely NAP that is influenced by the western Pacific SSTs and WIA that is 

influenced by the eastern Indian Ocean SSTs. At the peak of the warm (cold) ENSO 

events, the SSTs surrounding NAP are anomalously cold (warm) while those surrounding 

WIA are anomalously warm (cold) (Fig. 2 and 3). These SST anomaly features attributed 

to the warm and cold ENSO events both in NAP and WIA generally persist into MAM. 

However, the SST anomalies in JJA and SON (i.e., the non-monsoon season in Australia 

and the dry season in the Indonesian Archipelago) during both phases of ENSO events do 

not distinctly exhibit the two contrasting SST anomaly regions in the domain. This 

finding confirms the finding by previous studies (Julian and Chervin 1978; Nicholls 

1981; Rasmusson and Capenter 1981; Barnett et al. 1991; Hendon 2003; Su and Jiang 

2013; Radley et al. 2014). 

Even though warm ENSO events are associated with reduced precipitation, and 

cold ENSO events are associated with anomalously high precipitation in northern 

Australia and the Indonesian Archipelago (Allan et al. 1991; Hendon 2003; Coelho and 

Goddard 2009; Rauniyar and Walsh 2013; Bayr et al. 2014), this present study finds that 
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the anomalies of NLLC occurrence in the domain during the warm and cold ENSO 

events are independent from the precipitation anomalies because not every low-level 

cloud produces precipitation. Wood (2012) has demonstrated that stratocumulus clouds, 

which are the Earth’s dominant low-level cloud type in terms of areal coverage, generally 

do not produce significant precipitation. The present study finds that the anomalies of 

NLLC occurrence in the domain during the peak of ENSO events are dependent on the 

SST anomalies. During the peak of the warm (cold) ENSO events, the WMO stations in 

NAP which are surrounded by a negative (positive) SST anomaly exhibit anomalously 

high (low) NLLC occurrence while those in WIA which are surrounded by a positive 

(negative) SST anomaly exhibit anomalously low (high) NLLC occurrence. Therefore 

during both phases of ENSO events, a cold SST anomaly contributes to anomalously high 

NLLC occurrence and a warm SST anomaly contributes to anomalously low NLLC 

occurrence. 

The present study also finds a similar result when looking at the annual cycle of 

the SSTs and that of the NLLC occurrence. During the monsoon season and the wet 

season (i.e. in DJF and MAM) in Australia and the Indonesian Archipelago respectively, 

the WMO stations in NAP that are surrounded by warm SSTs generally observed a 

minimum in NLLC occurrence while those in WIA that are surrounded by cold SSTs 

generally observed a maximum in NLLC occurrence. During the non-monsoon season 

and the dry season (i.e., in JJA and SON) in the domain, the WMO stations in NAP that 

are surrounded by cold SSTs generally observed a maximum in NLLC occurrence while 

those in WIA that are surrounded by warm SSTs observed a minimum in NLLC 
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occurrence. Therefore, cold SSTs are associated with high NLLC occurrence while warm 

SSTs are associated with low NLLC occurrence.  

The finding of this negative correlation between the SST anomalies and the 

anomalies of NLLC occurrence during the warm and cold ENSO events agrees with the 

finding by Duynkerke and Hignett (1993), Klein and Hartmann (1993), and Wood 

(2012). Even though these studies do not specifically address the negative correlation 

during ENSO events, they have demonstrated that low-level clouds, especially 

stratocumulus clouds, frequently develop in low-latitude regions over oceans with 

relatively cold SSTs.  

The negative correlation between the SST anomalies and the anomalies of NLLC 

occurrence in the presence of the warm and cold ENSO events is likely due to the air-sea 

interaction. In a maritime environment, low-level clouds such as stratocumulus develop 

in response to the large-scale cooling of the boundary layer driven by longwave radiation 

emission. During the warm ENSO events, the near-surface layer over the ocean in NAP 

emits the longwave radiation that leads the near-surface layer to saturation. The 

temperature profile of the near-surface layer – which is originally unstable – becomes 

neutral and even stable due to the development of capping inversion at the top of the 

boundary layer. The situation is enhanced by the negative SST anomaly in the region 

during the warm ENSO events. The suppression of this deep saturated layer due to the 

strong lower-tropospheric stability, large-scale subsidence, and turbulent mixing 

transforms the saturated layer into stratocumulus clouds. The maintenance of the 

stratocumulus is related to the diurnal cycle of insolation. During nighttime the top of the 

low-level clouds emits the accumulated energy from the daytime insolation in a form of 
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longwave radiation (Duynkerke and Hignett 1993). This radiative cooling generates 

buoyancy production throughout the boundary layer and so induces the turbulence and 

vertical mixing that result in a maximum coverage of stratocumulus (Klein and Hartmann 

1993; Wood 2012). A similar process also occurs during the cold ENSO events, in which 

the SSTs surrounding WIA become anomalously cold.   

The anomalies of the NLLJ occurrence in the domain, especially over NAP 

during both phases of ENSO events, tend to correspond to those of the NLLC occurrence 

due to the ENSO events. As shown in Figs. 14, 15, 28, and 29, when the anomaly of 

NLLC occurrence is positive (negative), the NLLJ occurrence tends to be anomalously 

high (low). Thus, during the peak of warm (cold) ENSO events (i.e., in DJF) that 

coincides with the monsoon season and the wet season in north Australia and the 

Indonesian Archipelago respectively, the NLLJ occurrence in NAP is anomalously high 

(low). In WIA, the NLLJ occurrence generally has no statistically significant change 

during the peak of warm and cold ENSO events. Moreover, the NLLJ occurrence 

generally does not exhibit statistically significant change during the non-monsoon and 

dry seasons in the domain (i.e., in JJA and SON).   

 The present study also describes the annual cycle of NLLJ occurrence. Unlike the 

annual cycle of NLLC occurrence, which has one maximum, the annual cycle of NLLJ 

occurrence in the domain consists of two maxima (i.e., in DJF and JJA, depending on the 

region). During the Australian monsoon season and the Indonesian Archipelago wet 

season (i.e., DJF), the WMO stations in WIA generally observed the primary maximum 

of the annual cycle of NLLJ occurrence while those in NAP observed the secondary 

maximum. During the Australian non-monsoon season and the Indonesian Archipelago 
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dry season (i.e., JJA), the WMO stations in WIA generally observed the secondary 

maximum of the annual cycle of NLLJ occurrence while those in NAP generally 

observed the primary maximum. Thus, in both NAP and WIA the primary maximum of 

NLLJ occurrence approximately corresponds to the maximum of the annual cycle of 

NLLC occurrence; and the secondary maximum approximately coincides with the 

minimum of the annual cycle of NLLC occurrence. 

Since the primary maximum of the annual cycle of NLLJ occurrence 

approximately coincides with the maximum of the annual cycle of NLLC occurrence, and 

the anomalies of NLLJ occurrence during ENSO events roughly correspond to those of 

NLLC occurrence during ENSO events, the NLLJ occurrence therefore is also connected 

to the surrounding SSTs. Even though previous studies (Rasmusson and Carpenter 1982; 

Barnett et al. 1991; Hendon 2003) did not address the relation between SSTs and NLLJ, 

their finding have shown that SST gradients during a warm ENSO event drive surface 

wind fields in the tropical Pacific. Therefore it possible that the two maxima in the annual 

cycle of NLLJ occurrence are produced by large SST gradients during the Southern 

Hemisphere summer and winter seasons. However, the anomalies of the annual cycle of 

NLLJ occurrence during ENSO events probably involve other factors besides SST 

gradients and anomalies since statistically significant changes occur only in NAP, and not 

in WIA. The possible relevant factors that exist only in NAP are large pressure gradients 

due to the higher latitude environment, the vast and flat terrain, and the sudden reduction 

of turbulent mixing near sunset causing viscosity reduction (May 1995; Shapiro and 

Fedorovich 2009). On the other hand, WIA has a complex topography with mountains 

and valleys; it consists of landmasses separate by waters; and it is situated in intertropical 
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convergence zone (ITCZ) (Keenan and Carbone 2008). This complexity may hinder the 

NLLJ occurrence from becoming anomalously positive in WIA.   

 Due to the limited time resolution of the RAOB data, this present study is not 

able to determine whether the development of the NLLC is related to the NLLJ as 

demonstrated by Schrage and Fink (2012). If the relation exists, the possible explanation 

is that after sunset as the daytime turbulent mixing within the PBL ceases, low-level jets 

start to develop due to viscosity reduction on top of the nocturnal temperature inversion. 

The low-level jets, which are possibly induced by sea breeze especially during the 

Southern Hemisphere summer strengthens causing dynamic instability in the PBL. As a 

result, it transports moisture horizontally and vertically, causing latent heat release and 

saturation in the near-surface layer. Moreover, superposition of low-level jets with upper-

level jets also can boost the upward vertical motion (Stensrud 1996). This saturated near-

surface layer transforms into NLLC. As mentioned in previous paragraphs, radiative 

cooling on top of the existing low-level clouds during nighttime also makes the large 

coverage of NLLC possible.  

Therefore, there exists interannual variability of NLLC occurrence and NLLJ 

occurrence in the presence of warm and cold ENSO events in north Australia and the 

Indonesian Archipelago. The anomalies of NLLC occurrence and NLLJ occurrence 

during warm and cold ENSO events are closely related to the SST anomalies in the 

domain during both phases of ENSO events. Further research with higher spatiotemporal 

data is needed to see the direct connection between NLLC development and NLLJ and to 

find out the factors contributing to the anomalies of the annual cycle of NLLJ occurrence 

during ENSO events.  
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FIG. 1. The domain of the study is 95-150°E, 6°N-24°S. The domain includes northern 
Australia, Indonesia, Malaysia, Singapore, Brunei Darussalam, East Timor, and Papua 
New Guinea.  
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FIG. 2. Global SST anomalies from June to November during the warm ENSO (left) and 
the cold ENSO (right) events between 1999 and 2014.  

 

 



49 
 

a. g. 

 

 

 

b. h. 

 

 

 

c. i. 

 

 

 

d. j. 

 

 

 

e. k. 

 

 

 

     l. 

              No warm ENSO in May 

 

  

 

FIG. 3.  Global SST anomalies from December to May during the warm ENSO (left) and 
the cold ENSO (right) events between 1999 and 2014. 
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FIG. 4. The annual cycle of NLLC occurrence in Kuching, Malaysia.  
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FIG. 5. The annual cycle of NLLC occurrence in Makassar, Indonesia 
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FIG. 6. The annual cycle of NLLC occurrence in Darwin, Australia. 
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FIG. 7. The annual cycle of NLLC occurrence in Ambon, Indonesia 
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FIG. 8. Composite mean of SSTs in December, January, and February from 1999 to 
2014. Images provided by the NOAA/ESRL Physical Sciences Division, Boulder 
Colorado from their Web site at http://www.esrl.noaa.gov/psd/. 
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FIG. 9. Composite mean of SSTs in June, July, and August from 1999 to 2014. Images 
provided by the NOAA/ESRL Physical Sciences Division, Boulder Colorado from their 
Web site at http://www.esrl.noaa.gov/psd/. 

http://www.esrl.noaa.gov/psd/
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FIG. 10. The anomalies of the annual cycle of NLLC occurrence in December during the 
warm ENSO events.  
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FIG. 11. The anomalies of the annual cycle of NLLC occurrence in January during the 
warm ENSO events. 
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FIG. 12. The anomalies of the annual cycle of NLLC occurrence in February during the 
warm ENSO events. 
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FIG. 13. The anomalies of the annual cycle of NLLC occurrence in December during the 
cold ENSO events. 
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FIG. 14. The anomalies of the annual cycle of NLLC occurrence in January during the 
cold ENSO events. 
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FIG. 15. The anomalies of the annual cycle of NLLC occurrence in February during the 
cold ENSO events.  
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FIG. 16. During the warm ENSO events, the months of June, July, and August are 
marked by lack of agreement in the anomalies of the annual cycle of NLLC occurrence.  
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FIG. 17. During the cold ENSO events, the months of June, July, and August are marked 
by lack of agreement in the anomalies of the annual cycle of NLLC occurrence.   
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FIG. 18. The annual cycle of NLLJ occurrence in Kuching, Malaysia. 
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FIG. 19. The annual cycle of NLLJ occurrence in Medan, Indonesia 
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FIG. 20. The annual cycle of NLLJ occurrence in Makassar, Indonesia. 
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FIG. 21. The annual cycle of NLLJ occurrence in Darwin, Australia. 
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FIG. 22. The annual cycle of NLLJ occurrence in Ambon, Indonesia. 
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FIG. 23. The annual cycle of NLLJ occurrence in Alice Springs, Australia. 
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FIG. 24. The annual cycle of NLLJ occurrence in Mount Isa, Australia. 
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FIG. 25. The annual vector wind analysis in DJF (top left) and MAM (bottom left), and 
the annual SST analysis in DJF (top right) and MAM (bottom right). Images provided by 
the NOAA/ESRL Physical Sciences Division, Boulder Colorado from their Web site at 
http://www.esrl.noaa.gov/psd/.  
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FIG. 26. The annual vector wind composite mean in JJA (top left) and SON (bottom left), 
and the annual SST analysis in JJA (top right) and SON (bottom right). Images provided 
by the NOAA/ESRL Physical Sciences Division, Boulder Colorado from their Web site 
at http://www.esrl.noaa.gov/psd/.  
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FIG. 27. The anomalies of the annual cycle of NLLJ occurrence in December during the 
warm ENSO events.  
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FIG. 28. The anomalies of the annual cycle of NLLJ occurrence in January during the 
warm ENSO events. 
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FIG. 29. The anomalies of the annual cycle of NLLJ occurrence in February during the 
warm ENSO events. 
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FIG. 30. The anomalies of the annual cycle of NLLJ occurrence in December during the 
cold ENSO events.  

 



72 
 

  

a. 

 

 

 

 

 

 

 

 

 

 

 

b. 

  

 

 

 

 

 

 

 

 

 

  

 

FIG. 31. The anomalies of the annual cycle of NLLJ occurrence in January during the 
cold ENSO events.  
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FIG. 32. The anomalies of the annual cycle of NLLJ occurrence in February during the 
cold ENSO events.  


