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ABSTRACT

This study employed the Japanese Ocean flux data sets with use of remote sensing observations version 2 (J-
OFURO?2) to examine global-scale seasonal variations and trends in Latent heat flux (LHF) over a 19-year period.
Furthermore, additional analysis has been conducted to determine the response of LHF to the El Nifio Southern
Oscillation (ENSO) phenomenon. To assess variability, trends, and strength of relationships with ENSO, statisti-
cal score analysis was employed using seasonal means, standard deviations, linear trends, and linear correlations,
respectively. In this study, the seasons were classified as December-January-February (DJF), March-April-May
(MAM), June-July-August (JJA), and September-October-November (SON). The result of the study revealed that
the highest LHF values tracked the annual movement of the sun. In the Northern Hemisphere, the highest spatial
trends occurred during DJF, while JJA exhibited the peak values in the Southern Hemisphere. This spatial pattern
aligns with the seasonal means of LHF, where the highest and lowest standard deviations and trends coincide with
the corresponding regions of high and low LHF. This finding suggests that the standard deviation patterns support
the observed variability in seasonal LHF means. The strongest spatial correlations between LHF and ENSO were
observed over the Indian Ocean during the SON season. In contrast, the correlations between LHF and ENSO in
the Atlantic Ocean exhibited spatial heterogeneity, with a significant correlation only during the DJF season. In
general, the seasonal spatio-temporal patterns suggest a dynamic link between LHF and ENSO, potentially linked
to large-scale monsoon system changes, the specific locations and distributions of positive/negative trends and
standard deviations in LHF reveal a spatial response that appears independent of the ENSO phenomenon.
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INTRODUCTION

The exchange of heat fluxes across the air-sea
interface significantly impacts both the ocean and
atmosphere (Liu and Zhou, 2018). LHF, the most
variable component on monthly and longer scales
across vast ocean regions (Liu, 1988), depends
primarily on a few ocean-atmosphere parameters
like air-sea moisture difference and wind speed
(Yu et al., 2007). These factors vary with time
scale and location. For example, long-term LHF
trends are primarily driven by tropical Pacific sea
surface temperature and wind speed (Li et al.,
2011; Yang et al., 2016). LHF refers to the energy
transfer rate, either absorbed or released, during a
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phase transition of a substance, whilst maintain-
ing a constant temperature (Liou et al., 2018).
Studies in the Pacific Ocean suggest that ENSO
modulates LHF variability through its influence
on sea surface temperature (SST) and wind speed
(e.g., Liu and Zhou, 2018).

The main energy loss for the oceans and the
main energy source for many processes in the
atmosphere is LHF (Crewell et al., 1991), a key
component of the hydrological cycle (Chou et al.,
2004). Investigating LHF variability at the global
scale and its response to ENSO is important for
understanding the global hydrological cycle, en-
ergy balance, and climate change (Li et al., 2011).
Studies of LHF characteristics especially in terms
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of its intensity distribution in different temporal
and spatial domains are imperative to quantifying
the impact of climate change based on decreas-
ing/increasing trend for the different intensity.
The major intraseasonal LHF variability is due
to winds, but spatial variability of humidity and
SST are also important (Grodsky et al., 2009). A
positive trend in LHF is associated with a posi-
tive trend in surface wind speed (Liu and Cur-
ry, 2006). Additional trends in SST are marked
by large interannual variations associated with
ENSO (Yu and Weller, 2007).

The ENSO is the largest and best known
mode of climate variability that affects weather,
ecosystems and societies in large parts of the
world (van Oldenborgh et al., 2005; Ashok and
Yamagata, 2009). ENSO contributes to global air-
sea interaction anomalies through teleconnections
— changes in the Walker and Hadley circulations,
oceanic Kelvin and Rossby waves, ‘atmospheric
bridge’ mechanisms, and atmospheric Rossby
wave trains (Curtis, 2008). The ENSO-driven
large-scale atmospheric teleconnections alter the
near-surface air temperature, humidity, and wind,
as well as the distribution of clouds (Alexander et
al., 2002). Globally, ENSO has affected the vari-
ability of environment variable such as rainfall
and evaporation (Ropelewski and Halpert, 1987;
Enfield and Mestas-Nuiiez, 2000). Previous stud-
ies have found correlations between ENSO and
LHEF, such as in tropical Pacific (Congbin et al.,
1992), and South China Sea (Zong et al., 2010).
However, studies of the global response of remote
sensing LHF to ENSO phenomenon not yet car-
ried out. For that reason, understanding the global
patterns of ENSO-induced LHF is important for
evaluating climate models and ENSO-related
forecasts of atmospheric processes.

Ocean surface heat flux displays high space—
time variability that requires frequent observa-
tions for adequate representation. Global air-sea
heat flux data sets which have higher spatial-tem-
poral resolution can be obtained from satellite ob-
servations, including LHF, other than model-de-
rived datasets or in-situ measurements. One data-
set that employs satellite observation is the Japa-
nese Ocean Flux Data Sets using Remote Sensing
Observations (J-OFURO). J-OFURO data sets
have three versions, J-OFURO1, J-OFURO2, and
J-OFURO3 constructed by Kubota et al. (2002),
Kubota et al. (2006), and Tomita et al. (2019),
respectively. JFOFURO1 had errors due to inac-
curacies in the satellite-based humidity and air

temperature state variables (Tomita and Kubota,
2006) which have been repaired in J-OFURO?2,
including multi-satellite data and change in grid-
ded SST (Kubota et al., 2006). Even though J-
OFURO3 has been developed, the bias value is
relatively similar to J-OFURO?2 (Tomita et al.,
2021). In previous studies, comparisons show
good agreement J-OFURO2 LHF with in situ
LHF (Tomita et al., 2010; Iwasaki et al., 2010;
Kubota et al., 2010). Comparison with various
LHF data derived from remote sensing also dem-
onstrates relatively quite good bias values (To-
mita et al., 2019).

The main objectives of this paper are to iden-
tify patterns of LHF variability and trends using
J-OFUROQO?2 datasets over the period 1988-2006,
with a particular focus on potential links to the
ENSO phenomenon. This study defines ENSO
conditions by the Nino3.4 index (Trenberth,
1997) and uses mainly seasonal analysis. This
study is expected to generate more comprehen-
sive spatial information on LHF variability and
trends, as well as their relationship to ENSO, due
to its global analysis, whereas previous studies
were conducted in separate regions, such as the
Pacific Ocean (Baosen, 1989) or Indian Ocean
(Swain and Ghose, 2020). In addition, ENSO
events are now occurring more frequently and
with greater intensity, suggesting that climate
change is escalating in severity, which will have
a substantial impact on the LHF variability and
global environment.

DATA AND METHOD

Monthly-mean global ocean surface LHF data
for the period from 1988 to 2006, measured and
collected by J-OFURO?2 (version 2), were used
to analyse the spatial variability and the relation-
ship with ENSO. Monthly-mean LHF values are
based on daily-mean values of LHF produced by
J-OFURQO?2. J-OFURO2 was only available for
19 years from January 1988 to December 2006.
Nino3.4 values were used to determine warm (E1
Nifio) and cold (La Nifa) events in the Pacific
Ocean (Trenberth, 1997). The Nino3.4 index,
which can be considered as the atmospheric man-
ifestation of the ENSO, is defined as the spatial
mean SST anomaly over the 5°N-5°S and 170-
120°W region of the Pacific Ocean.

Multi-satellite and sensor data from J-OFU-
RO2 are constructed from SST, surface wind
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speed, and surface air specific humidity (Kubota
et al., 2006; Kubota and Tomita, 2007; Kubota et
al., 2010). For SST, J-OFURO?2 uses Merged sat-
ellite and in situ data Global Daily Sea Surface
Temperatures (MGDSST) provided by Japan Me-
teorological Agency (JMA). The MGDSST data
set has been created by using infrared radiation
SSTs (National Oceanic and Atmospheric Ad-
ministration (NOAA)/Advanced Very High Res-
olution Radiometer (AVHRR)), Microwave SSTs
(Aqua/Advanced Microwave Scanning Radiom-
eter — Earth observing system (Aqua/AMSR-E))
and in-situ data (Sakurai et al., 2005). Further-
more, surface wind speed is constructed from a
combination of microwave radiometers, i.e., De-
fense Meteorological Satellite Program (DMSP)/
Special Sensor Microwave Imager (SSMI) FO8,
F10,F11,F13, F14, F15, Aqua/AMSR-E, Tropical
Rainfall Measurement Mission (TRMM)/TRMM
Microwave Imager (TMI), and microwave scat-
terometers (European Resource Sensing (ERS)/
Active Microwave Instrument (AMI) and Qui-
kScat/SeaWinds). Meanwhile, for surface air spe-
cific humidity, J-OFURO2 uses only available data
from the DMSP/SSMIs sensors (i.e., FO8, 10, 11,
13, and 14). Finally, a bulk algorithm used for es-
timation of LHF changed from Kondo (1975) for
J-OFURO1 to COASRE 3.0 (Fairall et al., 2003)
for J-OFURO?2. These products are unified to the
daily and monthly averaged data of 1° grids.

Statistical scores analysis of LHF spatial vari-
ability and Nino3.4 value relationships use sea-
sonal means and standard deviations, while linear
slope determines LHF trends. The linear correla-
tion coefficient (r) measured the closeness of LHF
estimates to Nifio3.4 index values. Correlation is
used to describe a linear statistical relationship
between two random variables, in which a pair
of variables vary together precisely, i.e., one vari-
able is related to the other by means of a positive
or negative scaling factor (von Storch and Zwiers,
1999), which were defined as follows:

nyX7-F X)X
I A T
where: X is the LHF from J-OFURO?2 values, Yis

the Nino3.4 index values, and » the num-
ber of data pairs.

(M

Seasonal analysis, based on annual sun move-
ment, of monthly seasonal data across different
years was primarily used for this research. Analy-
sis was conducted in each pixel, using coordinates
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for identity. Point-by-point data for each pixel
was extracted from the J-OFURO, including co-
ordinates, month, year, and LHF values. Then, data
sets were averaged in accordance with the purpose
of the analysis. This averaging process was also per-
formed on Nifio3.4 index values, followed by the
calculation of seasonal means, standard deviations,
linear slope, and the linear correlation coefficients.
After obtaining calculation values, the point data
was converted into a raster data format with the
same spatial resolution as the original data (1° x 1°).
The year was divided into the following four sea-
sons: DJF, MAM, JJA, and SON.

RESULTS AND DISCUSSIONS

Seasonal spatial patterns of LHF variability,
based on mean composites, are presented in Figure
1. Equatorial region LHF values were lower than
low-latitude storm track region LHF values in all
seasons. Generally, maximum and minimum LHF
values were related to patterns of annual sun move-
ment, however, minimum values appeared in high
latitudes and a small part of Tropical Pacific on the
western coast of Peru and Ecuador. During DJF sea-
son, the LHF in the northern Hemisphere was gener-
ally somewhat higher than that in the southern Hemi-
sphere. The highest values of LHF (> 200 W m™)
appeared over the west Pacific and west Atlantic in
the north Hemisphere, while the lowest values (< 15
W m?) were found in the southern oceans. Polar high
LHF values were observed over the north and south
Indian Ocean, with a similar case also found in the
Atlantic Ocean. High values of LHF continued mov-
ing towards the southern Hemisphere during MAM
season, coinciding with a disappearance of the high-
est LHF values over the west Pacific in the North
Hemisphere and a rise of two high LHF belts over the
low-latitude storm track region in the north and south
Hemisphere, while the lowest LHF values manifest-
ed in the north Hemisphere. During JJA season, the
highest values of LHF occurred over east Pacific and
west Indian Oceans in the southern Hemisphere, in
contrast to the DJF season. Wide areas of minimum
LHF values were observed in the north Hemisphere
of the Pacific and Atlantic Oceans. The lowest values
of LHF faded during the SON season over the north
Hemisphere. Finally, large areas of high LHF values
returned, moving to northern Hemisphere low-lati-
tude storm track regions.

Figure 2 illustrates spatial patterns of season-
al standard deviations based on mean composites
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Figure 1. Spatial pattern seasonal mean of LHF based on monthly composites
of the same season from January 1988 to December 2006
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Figure 2. Distribution of standard deviation of seasonal averaged LHF from J-OFURO?2 data

of LHF from J-OFURO?2 data. The standard de-
viation is the square root of the averaged squared
deviations from the mean (Brown, 1982). Stan-
dard deviations are informative for the data distri-
bution of nearly all the recorded data (Gravetter
and Wallnau, 2006). Higher/lower standard de-
viations indicate larger/smaller seasonal variabil-
ity. Highest standard deviation values (> 30 W
m?) occurred during the DJF season in the west-
ern Pacific and Atlantic Oceans over the north-
ern Hemisphere, a similar location to the highest
values of the LHF seasonal mean. The smallest
LHF standard deviation was found over the sub
tropic region. Generally, location of the highest
and lowest standard deviation values corresponds
to the seasonal mean of LHF values, supporting
the seasonal mean LHF variability. Yu and Weller

(2007) explained the standard deviation of LHF
is primarily caused by sea-air specific humidity
and temperature differences, whereas wind speed
plays a minor role.

The spatial presentation of detected LHF
trends are useful for better understanding the
variations of global LHF. Seasonal trends in glob-
al LHF for the period 1988-2006 is presented
in Figure 3. Generally, the positive trend area is
wider than negative trend areas. Most high posi-
tive trend was detected over north Hemisphere,
except for the JJA season observed in the south
Hemisphere. Additionally, the highest positive
trend was predominantly found in regions with
the highest values of LHF seasonal mean (Fig-
ure 1) and standard deviation (Figure 2) across all
seasons. The positive and negative LHF trends are
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Figure 3. Spatial-distribution trend of LHF for each season derived from the J-OFURO2

closely associated with both sea surface tempera-
ture and surface wind speed trends, as explained
by Good et al. (2007) and Zheng et al. (2013).
Figure 4 shows seasonal spatial pattern re-
lationships of LHF with ENSO for the period
1988-2006. Generally, the ENSO impact on LHF
consistently occurs over the tropical Pacific in
all seasons. These findings generally agree with
Congbin and Diaz (1992) who state that the inter-
annual variability of LHF over the tropical Pacific
exhibits strong correlation with ENSO phenom-
ena. A negative impact of Nino3.4 values on LHF
are detected over the northern Atlantic and tropi-
cal Pacific in the western and south hemisphere of
the Indian and Atlantic Oceans for the DJF season.
Additionally, positive correlations are inspected
over the eastern tropical Pacific, and northern Pa-
cific in the west. The effect of spatial distribution
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of ENSO on LHF fluctuation is smaller during
MAM season compared to DJF season. Most neg-
ative responses of LHF to ENSO are observed in
the southern Hemisphere over eastern Pacific and
Indian Oceans as well as over the tropical Atlan-
tic in the west. Meanwhile, a positive correlation
is found over tropical Pacific area. Spatial pattern
responses between LHF and ENSO during JJA
seasons can be seen clearly over the tropical Pa-
cific, with two polar clusters, negative in the west
and positive in east. The LHF shows a negative
correlation with ENSO in the southern Atlantic
and Pacific Ocean, while it displays a positive
correlation over the north Pacific and Maritime
Continent. During the SON season, two polar
spatial cluster correlations were still observed in
the tropical Pacific. Negative impacts of ENSO
and LHF appeared over southern Hemisphere and
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Figure 4. Seasonal analysis of the linear spatial correlations between Nino 3.4 index and LHF in each grid
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northern Indian Ocean. Meanwhile, a positive
relationship became visible over south Pacific in
the east and north Pacific in the west. However,
when comparing the spatial pattern of the LHF
response to ENSO with the positive and nega-
tive LHF trends and the distribution of standard
deviations, it was indicated that the location was
unrelated to the spatial distribution relationships
between LHF and ENSO. This may indicate that
the LHF trends are independent of the ENSO phe-
nomenon. Nevertheless, this evidence requires
additional investigation using extended datasets
and other complementary data sources that con-
tribute to the development of LHF, including SST
and wind speed.

CONCLUSIONS

An investigation of 19 years (January 1988—
December 2006) of global LHF variability and
ENSO relationships using J-OFURO2 data is
presented here. The results revealed a highest
LHF values tracking the annual movement of the
sun, with the clear association between high LHF
and seasonal storm tracks. The spatial distribu-
tions of trends showed peak values in the North-
ern Hemisphere during DJF and in the Southern
Hemisphere during JJA. This pattern matches the
seasonal means and standard deviation of LHF,
where regions of high and low LHF correspond
to the highest and lowest LHF trends. The spatial
patterns suggested a dynamic movement of the
relationship between ENSO and LHF, generally
linked to the variations in the sun movement sys-
tem across the entire ocean. The spatial responses
of LHF to ENSO have different patterns in each
Ocean region. Most of the Pacific Ocean response
to ENSO appeared during SON, DJF and JJA.
The highest spatial correlations between LHF
and ENSO occurred over the Indian Ocean in the
SON season. Additionally, uneven correlations
occurred between LHF and ENSO in the Atlantic
Ocean, except in the DJF season.

Future research efforts should focus on a
more comprehensive understanding of the LHF-
ENSO relationship using extended datasets, such
as using J-OFURO3 for which data is available
until 2017 and will continue to be updated. Given
the possibility that LHF variability and trends
may not be related to ENSO, further evidence is
required. Additionally, investigating the link be-
tween LHF and other global climate phenomena,

such as the Indian Ocean Dipole (IOD), is nec-
essary to achieve a holistic comprehension of its
influence on climate change.
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