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ABSTRACT 
 
Accurately reproducing the diurnal cycle of rainfall for atmospheric modeling represents a 
potential challenge for improving the reliability of weather and climate forecasting.  Scientific 
advances such as the Tropical Rainfall Measuring Mission (TRMM) and Global Precipitation 
Measurement (GPM) have provided invaluable rainfall data for detailed research.  Moreover, 
large-scale decadal- to multi-decadal climate variations such as El Niño create significant 
deviations in atmospheric conditions and rainfall, particularly within the tropics.  El Niño and its 
counterpart La Niña represent the respective warm and cool phase of the global-scale 
phenomenon known as El Niño – Southern Oscillation (ENSO), and distinct variations in the 
diurnal cycle of rainfall are associated with each phase. 
 
This research focuses on the December through February (DJF) period of each ENSO phase, 
when it has historically been strongest.  Daily mean rainfall, diurnal amplitude and phase values 
from 1998-2016 were compared to observations during individual and averaged ENSO events.  
Probability distributions were calculated for statistical analysis of diurnal amplitude and phase, 
and results indicated a statistically significant relationship between ENSO phase and the diurnal 
cycle.  Amplitude was enhanced and suppressed, respectively, with El Niño and La Niña events.  
Phase maximum and minimum probability during La Niña occurred in the mid-morning and 
mid-afternoon hours, respectively, while El Niño closely mirrored climatology, with a much 
smaller spread in probability and a distinct secondary maximum during the afternoon. 
 
 
1. Introduction 

In the original TRMM proposal, Simpson et al. (1988) acknowledged that latent heat release due 
to convective rainfall within the tropics held a significant role in the earth’s energy balance and 
also represented a significant component that influenced weather systems affecting locations as 
far away as the middle and high latitudes.  Large scale atmospheric forecast models rely heavily 
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on reliable identification of heat release into the atmosphere in terms of vertical profile and 
horizontal distribution.  Numerical weather prediction (NWP) advancements hinge on sufficient 
documentation of variations in tropical rainfall cycles and processes, along with further 
development of predictive techniques. 

Diurnal variations in rainfall within the tropics have long been a focus area of research.  These 
variations represent a significant contribution to earth’s water and energy cycles, as the day is the 
shortest period over which oscillations in the energy cycle occur (Dirmeyer et al., 2012).  Yang 
and Slingo (2001) indicated that deep convection and associated rainfall over ocean regions 
occurred most frequently during the early morning hours, whereas the late afternoon and evening 
hours represented the convective maximum time period over continental regions.  Janowiak et al. 
(1994) indicated that the daytime maximum over continental regions was attributed to the fact 
that intense surface heating led to increasingly stronger vertical motions, which in turn led to 
cloud formation and growth and, finally, convective rainfall.  However, topographical influences 
as well as tertiary circulations such as land-sea breezes often led to variations in continental 
convection (Yang and Slingo, 2001).  Over ocean regions, however, mechanisms responsible for 
the morning convective maximum are less understood.  Also noted was the small amplitude of 
the diurnal cycle of rainfall over ocean regions, in stark contrast to that observed over continental 
regions.   

This study utilizes data from TRMM, GPM, and Extended Reconstructed Sea Surface 
Temperature (ERSST) datasets to analyze observed rainfall and sea surface temperature (SST) 
values.  Daily mean rainfall, diurnal cycle amplitude and phase, and their respective anomalies 
are compared to the SST mean and anomalies, along with the location of minimum/maximum 
observed SST values to evaluate the specifics of the relationship between the diurnal cycle of 
rainfall and SST within the tropics. 

2. Methodology 
 
2.1 Composite generation 
 
Averages were created to represent the time period in which TRMM (Huffman et al., 2007) and 
GPM (Hou et al., 2014) data are available.  Given that TRMM data initially became available in 
1998, the climatological period used for the study spanned a range of approximately 18 years, 
from January 1998 through March 2016.  It should be noted, however, that TRMM data 
officially came to an end in April 2015, and subsequent rainfall measurements were obtained via 
the GPM satellite network.  
 
Three climatological variables of the daily rainfall rate were established:  1) daily mean value, 
2) diurnal cycle amplitude, 3) diurnal cycle phase.  The daily mean rainfall rate, measured in 
millimeters-per-hour (mm/hr), represented the intensity of the observed rainfall rate averaged 
over 3-hour intervals.  The diurnal cycle amplitude, also measured in mm/hr, was calculated by 
taking the difference between the daily maximum rainfall rate and the daily mean rainfall rate.  
Finally, the diurnal cycle phase was determined by the time of day that the maximum rainfall 
rate was observed, as a function of local solar time (LST).   
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2.2 El Niño and La Niña climatology 
 
Following the calculation of daily mean rainfall, amplitude and phase of the diurnal cycle, 
variability in the coupled ocean-atmosphere system was examined in order to determine how 
smaller-scale diurnal cycle tendencies were altered as a result of larger-scale oceanic and 
atmospheric factors.  For this, the relationship between the diurnal cycle and ENSO was 
examined.  ENSO, a decadal- to multi-decadal variation in SST and wind flow within the 
equatorial latitudes of the central and eastern Pacific Ocean (Rasmusson and Carpenter 1982), 
generally is characterized by one of three phases:  1) El Niño (warming of SST), 2) La Niña 
(cooling of SST), 3) neutral (no significant departure from average) (Rasmusson and Wallace 
1983).   
 
One of the most widely used methods of defining ENSO state is the Oceanic Niño Index (ONI).  
Specifically, ONI evaluates SST in the equatorial region delineated as 5° north to 5° south 
latitude, bounded by the longitudes of 170° and 120° west.  Within this region, SST anomalies of 
greater than +/- 0.5 degree Celsius serve as the threshold for an El Niño/La Niña event to be 
officially classified.  One important note is that the ONI utilizes a three-month (tri-monthly) 
running mean, for increased accuracy in assessment of low-frequency variability of SST.  As a 
result, anomalous SST values must exceed the specified threshold for a period of at least five 
consecutive tri-monthly periods in order for an El Niño/La Niña event to be declared (Trenberth 
1997). 
 
Per ONI definition, the number of El Niño and La Niña events observed between 1998 and 2016 
were six each, respectively.  The El Niño events occurred during the years of 1997-98, 2002-03, 
2004-2005, 2006-07, 2009-10, 2015-16.  La Niña events occurred during the years of 1998-99, 
1999-2000, 2000-01, 2007-08, 2010-11, 2011-12 (Climate Prediction Center).  Since El Niño 
and La Niña events have typically exhibited peak intensities during the boreal winter months 
(Soon-Il and Wang 2001), El Niño/La Niña diurnal cycle climatology for the months of 
December, January, and February.  The daily mean, diurnal amplitude and phase during El Niño 
and La Niña years were compared to the corresponding values representative of a neutral ENSO 
state, and also the entire climatological period of the study. 

 
2.3 Individual Event Variability 
 
The final part examines individual El Niño/La Niña events, in order to identify the variability 
that exists between each of the El Niño events, along with each of the La Niña events as well.  
Further investigation into differences such as amount of deviation from normal of SST 
anomalies, location of SST maximum/minimum observed values, and the associated effects on 
the diurnal cycle of rainfall may facilitate efforts establish a link between not only the effect of 
the ENSO state on the diurnal cycle of rainfall, but also how the variability within the respective 
ENSO states additionally impacts the diurnal cycle. 

3. Results 
 
3.1 El Nino and La Nina – All Events 
 
3.1.1 Sea Surface Temperature Anomalies/Locations 
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Composite SST anomalies of all El Niño and La Niña events that occurred from 1998 to 2016 
(Fig.1) illustrate respective anomalous warm and cool SST throughout the central and eastern 
Pacific equatorial region.  Greatest anomalies were centered within the Niño 3.4 region, with 
maximum anomaly values exhibiting about a 1º to 1.5ºC departure from average.  Generally, 
warmer SST anomaly values extended eastward from the Niño 3.4 region to coastal South 
America during El Niño, while the La Niña composite exhibited a westward extension of cooler 
SST anomalies out of the Niño 3.4 region and into the central Pacific Ocean.   
 
3.1.2 Diurnal Rainfall Cycle Effects 
 
Effects of ENSO state on the diurnal cycle were most pronounced in the daily mean and diurnal 
amplitude (Fig.2a/b, Fig.3a/b), while diurnal phase exhibited negligible variations (Fig.2c, 
Fig.3c).  In association with the warm SST anomalies in the central and eastern Pacific Ocean 
during El Niño, increased convection corresponded to higher daily mean values in observed 
rainfall rates, and the resulting increase in diurnal amplitude along the Inter Tropical 
Convergence Zone (ITCZ).  Also of interest with El Niño was the observed equatorward shift 
and enhancement of the South Pacific Convergence Zone (SPCZ).  Daily mean and diurnal 
amplitude observations during La Niña indicate much lower values than the El Niño composite.  
In addition to significantly lower observed mean and amplitude values, there was an observed 
poleward shift in both the ITCZ and SPCZ during La Niña.  These shifts played a large role in 
significantly altering observed rainfall within the Niño 3.4 region.   
 
3.1.3 Diurnal Mean and Amplitude Anomalies 
 
Diurnal mean and amplitude anomalies were represented by a respective increase and decrease 
during El Niño (Fig.4) and La Niña (Fig.5).  The most significant anomalies with each ENSO 
phase existed on the westernmost fringe of the Niño 3.4 region, and extended westward past the 
international date line and into the western Pacific Ocean.  However, due to the shift in the ITCZ 
and SPCZ during La Niña, much of the Niño 3.4 region experienced smaller negative anomalous 
values in terms of mean and amplitude, which corroborates the overall lack of rainfall overall 
within the region during that particular ENSO phase.  El Niño-influenced rainfall anomalies 
occupied a greater portion of the Niño 3.4 region, which can be attributed to both the increase in 
convection over the central and eastern Pacific as well as the equatorward shift in the SPCZ, 
which impacted the far-western section of the Niño 3.4 region.  It is interesting to note that 
although the greatest SST anomalies were generally centered within the Niño 3.4 region, greatest 
rainfall anomalies were displaced westward, by up to about 30 degrees longitude.   
 
3.1.4 Probability Distribution of Diurnal Amplitude 
 
Probability distribution of diurnal amplitude (Fig.6a) further illustrated the relationship between 
ENSO state and rainfall.  Once again, the lack of rainfall during La Niña within the Niño 3.4 
region was evident as the greatest diurnal amplitude probability occurred as the daily mean 
rainfall approached zero.  The daily mean rainfall rate for the La Niña composite was very close 
to zero, while that of El Niño was appreciably greater.  Climatology for both the daily mean 
rainfall rate and diurnal amplitude probability was nestled between El Niño and La Niña, which 
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lends further credence to the statistical significance of the relationship between each ENSO state 
and the diurnal amplitude of observed rainfall accompanying them within the Niño 3.4 region. 
 
3.1.5 Probability Distribution of Diurnal Phase 
 
Examination of the probability distribution of the diurnal phase (Fig.6b) revealed that of the 
observed rainfall during La Niña, the heaviest rainfall was most likely to occur during the early 
morning hours, centered around 6 a.m. LST, while the least likely time for the heaviest rainfall to 
occur was during the midday hours, around and just following noon.  This was noticeably 
different from the phase probability distributions of both El Niño and climatology, which had 
two periods throughout the day in which the heaviest rainfall was most likely to occur.  Early 
morning and mid afternoon, centered on 6 a.m. and 3 p.m. LST, respectively, were the periods in 
which the diurnal phase was most likely to occur.  Approximately six hours separated these 
hours from the least likely hours of the heaviest rainfall to occur, which were centered around 
both noon and 9 p.m. LST.  Unlike the diurnal amplitude, the mean diurnal phase was very 
tightly clustered between 3 a.m. and 6 a.m. LST, and exhibited no statistically significant 
relationship between ENSO state and diurnal phase within the Niño 3.4 region. 
 
3.2 El Nino and La Nina – Individual Events 
 
3.2.1 Individual Event Sea Surface Temperature Anomalies/Locations 
 
Due to variations in the location and magnitude of SST anomalies with individual El Niño and 
La Niña events (Fig.7), the resulting effects on the diurnal mean and amplitude of observed 
rainfall also exhibit corresponding variations (Fig.8).  Stronger El Niños tend to exhibit warmer 
SST anomalies in a larger portion of the eastern Pacific, and the accompanying increase in 
convection there tends to produce more and heavier rainfall in the Niño 3.4 region.  To the 
contrary, weaker El Niños seldom produce as large or as strong of a warm SST anomaly signal 
across such a large area of the eastern Pacific as their stronger counterparts, and the ensuing 
effect on the diurnal mean and amplitude is a bit less pronounced.  Occasionally, the warmest 
SST anomalies are located primarily in the central Pacific as opposed to the eastern Pacific.  An 
El Niño with this SST anomaly configuration is referred to as an El Niño Modoki (Ashok et al., 
2007).  The relocation of the warmest SST anomalies to the central Pacific allows for enhanced 
convection and associated rainfall to occur there, relegating the Niño 3.4 region to substantially 
drier conditions during El Niño Modoki events. 
 
3.2.2 Individual Event Probability Distribution of Diurnal Amplitude 
 
Probability distribution of diurnal amplitude for individual El Niño and La Niña events (Fig.9) 
very closely follows the notion of stronger El Niños being accompanied by more and heavier 
rainfall, and La Niña coinciding with much lighter and less rainfall overall.  In fact, diurnal 
amplitude probability and mean increase and match precisely with increasing El Niño strength 
throughout the observation period.  The only El Niño Modoki of the period, 2004-05 (Fig.7c), 
exhibited the lowest diurnal amplitude probability and mean of the six events that were observed 
during the period of study.  Of note is the marked resemblance of the distribution and mean of 
the 2004-05 El Niño to the distribution and mean of each of the individual La Niñas during the 
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period.  Similar to El Niño, increasing La Niña strength coincided with greater probabilities of 
smaller diurnal amplitude.   
 
3.2.3 Individual Event Probability Distribution of Diurnal Phase 
 
Diurnal phase probability of the individual events (Fig.10) generally behaved in the manner of 
their respective composites.  Each El Niño event experienced two time periods in which the 
heaviest rainfall was most likely to occur – one during the early morning hours and another 
during the mid afternoon hours.  The lone exception to the observed behavior was the El Niño 
Modoki event of 2004-05, which had a morning phase that matched the other events, but the 
probability of an afternoon phase was much less likely.  La Niña phase probability for individual 
events was focused on the early morning hours centered on 6 a.m. LST.  However, two of the 
weaker La Niña events, 2010-11 and 2011-12, exhibited a slight increase in probability of an 
afternoon phase when compared to other events.   
 
4. Conclusions 
 
Overall, results indicated that throughout the Niño 3.4 region, heavier rainfall was more common 
during El Niño and that there was a scarcity of rainfall within the region during La Niña.  
Despite the association of El Niño with a prevalence of rainfall, the location of the warmest SST 
anomalies influenced the amount of rainfall within the Niño 3.4 region, most notably during the 
El Niño Modoki of 2004-05.  Diurnal rainfall amplitude and mean observed during the 2004-05 
El Niño Modoki strongly resembled that which would be expected during a La Niña event, 
which primarily is due to the lack of rainfall in the Niño 3.4 region.  While diurnal phase 
generally varied little throughout the period of study, a statistically significant relationship was 
revealed to exist between the diurnal amplitude of rainfall in association with ENSO state.  
Future research to include additional regions of the Pacific Ocean affected by anomalous SST in 
association with El Niño and La Niña would very likely reveal more of the intricate relationship 
between the diurnal cycle of rainfall and ENSO state. 
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Figure 1. Composite sea surface temperature anomalies associated with a) El Niño and b) La Niña for all events 
from 1998 to 2016.  Greatest SST anomalies are typically observed within the Niño 3.4 region (highlighted) during 
events.  
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Figure 2. Composite of a) Daily Mean, b) Diurnal Amplitude, and c) Diurnal Phase during El Niño for all events 
from 1998 to 2016.  
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Figure 3. Composite of a) Daily Mean, b) Diurnal Amplitude, and c) Diurnal Phase during La Niña for all events 
from 1998 to 2016.  
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Figure 4. Composite daily mean and diurnal amplitude anomalies during El Niño for all events from 1998 to 2016.  
Niño 3.4 region highlighted.   
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Figure 5. Composite daily mean and diurnal amplitude anomalies during La Niña for all events from 1998 to 2016.  
Niño 3.4 region highlighted.  
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Figure 6. Probability distribution with confidence interval of amplitude for diurnal cycle of rainfall over Niño 3.4 
region from 1998 to 2016.  Shaded dots along x-axis represent corresponding mean values for the respective plots.  
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Figure 7. Sea surface temperature anomalies during individual El Niño (a - f) and La Niña (g - l) events from 1998 
to 2016.  
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Figure 8. Diurnal amplitude anomalies during individual El Niño (a - f) and La Niña (g - l) events from 1998 to 
2016.  
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Figure 9. Probability distribution of diurnal amplitude with respective mean for diurnal cycle of rainfall over Niño 
3.4 region during individual a) El Niño and b) La Niña events from 1998 to 2016.   



SOARS® 2016, Tony O. Hurt, 16 

 
 
Figure 10. Probability distribution of diurnal phase with respective mean for diurnal cycle of rainfall over Niño 3.4 
region during individual a) El Niño and b) La Niña events from 1998 to 2016. 
  



SOARS® 2016, Tony O. Hurt, 17 

REFERENCES 

Ashok, K., S. K. Behera, S. A. Rao, H. Weng, and T. Yamagata, 2007: El Niño Modoki and its 

possible teleconnection. J. Geophys. Res., 112, C11007. 

Dirmeyer, P.A., and Coauthors, 2012: Simulating the diurnal cycle of rainfall in global climate 

models: Resolution versus parameterization. Climate Dyn., 39, 399-418. 

Hou, A. Y., and Coauthors, 2014: The Global Precipitation Measurement (GPM) Mission. Bull. 

Amer. Meteor. Soc., 95, 701–722. 

Huffman, G.J., and Coauthors, 2007: The TRMM multisatellite precipitation analysis (TMPA): 

Quasi-global, multiyear, combined-sensor precipitation estimates at fine scales. J. 

Hydrometeor., 8.1, 38-55. 

Janowiak, J.E., P.A. Arkin, and M. Morrissey, 1994: An examination of the diurnal cycle in 

oceanic tropical rainfall using satellite and in-situ data. Mon. Wea. Rev., 122, 2296-2311. 

Rasmusson, E.M., and T.H. Carpenter, 1982: Variations in tropical sea surface temperature and 

surface wind fields associated with the Southern Oscillation/El Niño. Mon. Wea. Rev., 

110.5, 354-384. 

Rasmusson, E.M., and J.M. Wallace, 1983: Meteorological aspects of the El Nino/southern 

oscillation. Science, 222.4629, 1195-1202. 

Simpson, J., R.F. Adler and G.R. North, 1988: A proposed tropical rainfall measuring mission 

(TRMM) satellite. Bull. Amer. Meteor. Soc., 69, 278-295. 

Soon-Il, A., and B. Wang, 2001: Mechanisms of locking of the El Nino and La Nina mature 

phases to boreal winter. J. Climate 14.9, 2164-2176. 

Trenberth, K.E., 1997: The definition of el niño. Bull. Amer. Meteor. Soc., 78.12, 2771-2777. 

Yang, G.Y., and J. Slingo, 2001: The diurnal cycle in the tropics. Mon. Wea. Rev., 129, 784-801. 


	Tony O. Hurt

