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ABSTRACT

A method for determining the diurnal sea surface temperature (SST) cycle through
satellite data has previously been developed by Clayson and Curry (1996). In their work they
applied a parameterized equation from Webster et al. (1996) that uses the magnitude of peak
solar insolation, the cumulative amount of daily precipitation, and average daily wind speed to
compute the diurnal warming of SSTs. This parameterization has been applied to data obtained
by the International Satellite Cloud Climatology Project (ISCCP) and Special Sensor
Microwave/Imager (SSM/I) data to produce a daily diurnal warming database for the global
tropics during the years 1996-2000. Precipitation values were not yet available and were found
to play a smaller role in diurnal warming, so they were not used in this study. Daily files of
diurnal warming (dSST) were created at a spatial resolution of 0.25o longitude x 0.25o latitude.
This study examines the spatial and temporal variability of dSST over the global tropics by
examining averages of these values seasonally and year to year and by conducting an EOF
analysis of the data for the tropical Atlantic, Indian, and Pacific Oceans. Results show that
different atmospheric processes influence dSST for each tropical ocean basin. Also, dSST is
shown to be driven by surface fluxes and not the underlying ocean characteristics. However,
diurnal warming can affect the depth of mixing and entrainment cooling in the upper ocean by
influencing the oceanic stability at the surface.

xii

CHAPTER 1

INTRODUCTION

Greater understanding of how the ocean and atmosphere interact is critical for
further development of general circulation and numerical weather prediction (NWP)
models. More exact short and long term forecasts from these models can better prepare
the public and private sectors by helping them make wiser weather related decisions and
in turn could save society billions of dollars (e.g. Downing, 1998).

Improving the

resolution and accuracy of meteorological and oceanographic variables is key to the
advancement in models.

Once this is accomplished, examining the variability for

different timescales of these values helps better realize the influence that the ocean and
atmosphere have on one another.
Sea surface temperatures (SSTs) and their variability are widely studied due to
their large impact on oceanographic and weather patterns. Variability in SSTs in the
tropical oceans is fundamentally coupled to variations in convection and cloud-radiation
feedbacks. Numerous studies have documented the importance of several modes of SST
variability in the Pacific, such as the El Niño and the Southern Oscillation (ENSO) cycle
and its relationship to convection both locally and extratropically (e.g. Webster and
Lukas, 1992; McPhaden et al., 1998). Interannual SST variability in the Atlantic,
associated with ENSO (e.g. Chang et al. 1997), the so-called Atlantic dipole (e.g. Huang
and Shukla, 1997), and equatorial warm events (Chang et al., 1997) are coupled with
changes in the location of the Intertropical Convergence Zone (ITCZ), which in turn
affects rainfall over Africa (Wagner and da Silva, 1994). Tropical Indian Ocean SST
variability, while varying with ENSO patterns, also exhibits a dipole behavior (e.g. Feng
and Meyers, 2003) and has a strong seasonal behavior associated with the monsoons. For
all of these time scales, SST can affect rainfall and convection in the Indian Ocean region
(Perigaud et al., 2002). Satellite skin SSTs provide useful spatial and temporal coverage
when it comes to these studies.
However, SST datasets obtained from satellite radiances are typically averaged to
daily or weekly composite maps. This is due to cloud contamination and the lack of
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passes over a particular area from individual satellites. This averaging removes the
variability of the diurnal SST, or, if a preponderance of data are used from a particular
time of day, biases the mean SST by not including pixels under cloud cover when using
visual/infrared satellite data or under precipitation using microwave satellite data.
Diurnal variability of the ocean surface layer, especially skin SST, is increasingly
being looked at with greater importance.

Recent work suggests that diurnal

characteristics of the ocean surface layer affect longer timescale variability of SSTs with
relation to such events as the Madden-Julian Oscillation (MJO) (Shinoda, 2004) and
ENSO (Solomon and Jin, 2005). Resolving the diurnal change in skin SST has also been
examined with increasing interest to view possible feedbacks it has on the atmosphere
(Clayson and Chen, 2002).

In the tropics, the diurnal warming in SSTs can have a

significant magnitude of up to 3°C or more under calm and clear conditions (e.g. Fairall
et al., 1996). To put this value in context, it should be noted that variations in the tropical
western Pacific between El Niño and La Niña are on the order of 1°C. It has also been
shown that a 1°C error in the measurement of skin SSTs can lead to a 27 W m-2 error in
the net surface heat flux in the tropical western Pacific (TWP) (Webster et al., 1996).
This is greater than the mean air-sea flux (17.5 W/m²) observed over a five month period
in this region (Weller and Anderson, 1996).
One of the largest issues of being able to understand the importance of the diurnal
cycle in SST to longer-scale variability in the ocean and atmosphere is to be able to
accurately determine this sometimes extreme diurnal warming that occurs.

Using data

from the Tropical Ocean-Global Atmosphere (TOGA) Coupled Ocean-Atmosphere
Response Experiment (COARE) program in the TWP an equation was developed to
compute the amplitude of the diurnal change or in other words the diurnal warming in
skin SST, referred to here as dSST (Webster et al., 1996). They found diurnal forcing
from atmospheric variables play a large role in determining the magnitude of the diurnal
warming seen in the skin SST. The equation created uses values of the magnitude of the
peak solar insolation, the cumulative amount of daily precipitation, and average daily
wind speed to compute the dSST.
Clayson and Curry (1996) used this equation to develop a method for determining
the diurnal SST cycle and this method has been applied to data obtained by the
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International Satellite Cloud Climatology Project (ISCCP) and Special Sensor
Microwave/Imager (SSM/I) data to produce a daily diurnal variation in SST database for
the global tropics during the years 1996-2000. Since the equation from Webster et al.
was implemented for this task, a database of dSST values for the same period was
created. These diurnal warming values represent an alternative way of examining the
diurnal SST variability over many spatial and temporal scales.
Several studies have examined the diurnal warming of SSTs in certain regions
around the world, mostly with in situ data. Most recently a global climatology study of
diurnal warming using satellite-derived SST was conducted (Stuart-Menteth et al., 2003).
They examined the diurnal warming of SSTs directly from Advanced Very HighResolution Radiometer (AVHRR) SST values. They found that large regions in both the
midlatitudes and tropics showed frequent diurnal warming with a strong seasonal pattern
influenced by wind and solar insolation variability. Cloud contamination in the tropics
lead to a great deal of missing data and therefore could not reveal complete information
of diurnal warming in this region. Gentemann et al. (2003) used TRMM Microwave
Imager (TMI) data to examine diurnal warming in the tropics. Although, TMI measures
SST through clouds, those data values were not used in the study to simplify matters, so
cloud contamination was still a problem.
The goal of this study is to use the dSST dataset created for the period of 19962000 to explore the variation of the diurnal warming in the tropical ocean basins. The
dSST values examined consider solar insolation and wind speed, since precipitation data
are not yet available. Comparisons of these values are conducted with the Tropical
Atmosphere Ocean/Triangle Trans-Ocean buoy Network (TAO/TRITON) and Pilot
Research Moored Array in the Tropical Atlantic (PIRATA) buoys during the year 1999
for verification.

Yearly and monthly mean values of dSST are created to examine its

seasonal and interannual difference.

Also, an empirical orthogonal function (EOF)

analysis of the dataset for each tropical ocean basin will be performed to better visualize
the different spatial and temporal patterns seen in these areas. Comparisons between the
years will be shown to see how this variability changes climatologically. The tropical
Pacific will be focused on to examine the implications of diurnal variability.
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Chapter 2 will give an in depth look at previous studies and papers that have
investigated daily variability and diurnal warming of SSTs. Chapter 3 will go over the
data used for this study and the methodology implemented. Also, in this chapter there
will be more detail about the EOF analysis. Chapter 4 will discuss the results of buoy
comparisons and examining the seasonal and interannual variability of diurnal warming
in the tropics. Chapter 5 will show an example of dSST variability and its implications in
the tropical Pacific. Chapter 6 will present the conclusions and future work.
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CHAPTER 2

BACKGROUND

2.1 Background of Diurnal Cycle and Diurnal Warming of SSTs

There have been various studies examining the diurnal cycle of SSTs and the
extent of diurnal warming that occurs. Reports of diurnal warming began to appear in the
literature in the late 1960s and during the 1970s (e.g., Stommel, 1969; Halpern and Reed,
1976; Kaiser, 1978). Stommel et al. (1969) found diurnal SST variations of 0.1 to 1.0°C
by examining nine diurnal cycles with different conditions of wind and cloud cover south
of Bermuda.

Halpern and Reed (1976) examined the heat budget of a small region (2

km x 2 km) near the coast of northwest Africa. Over their three day study they found
diurnal warming values of 0.9°C, 1.1°C, and 1.4°C respectively. Winds during this
period were light (around 2 m s-1) and net radiation increased each day as did the diurnal
temperature range, which lead them to believe that the diurnal warming was due to the
increasing shortwave radiation. Kaiser (1978) using ship data in the Bermuda area,
found a surface layer at a depth of 3.9 m to be 1°C warmer than the water below. Calm
winds and high air temperatures were prevalent during the period this observation
occurred in.
Since these first reports, diurnal warming of the sea surface has been reported in
many other areas using different methods. In the Mediterranean Sea, Deschamps and
Frouin (1984) used a single satellite measurement of SST for the day and one for the
night to calculate the diurnal range in SST, using data from the Heat Capacity Mapping
Radiometer (HCMR) satellite experiment. They found mean diurnal warming values
similar to preceding reports of around 1°C and using the heat transfer equation found a
limit value of 5.6°C of which the diurnal warming in that region could not exceed.
However, they failed to compare these values to in situ data. Stramma et al. (1986)
combined in-situ SST measurements from the Long Term Upper Ocean Study (LOTUS)
mooring and AVHRR satellite data to investigate diurnal warming events in the Sargasso
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Sea. They used the same day-night difference technique used by Deschamps and Frouin
from the satellite data to determine the diurnal warming and found that it provided
reliable values when compared to the diurnal range measured by the 0.6m thermistor on
the LOTUS mooring. They also reported a maximum diurnal warming value of 3.5°C,
which was much larger than earlier observations.

With satellite data now showing

reliable measurements, Cornillon and Stramma (1985) extended the study of diurnal
warming to the western North Atlantic Ocean. Using the day-night difference technique
with the AVHRR satellite data, they found the largest warming to occur on the western
edge of the Azores-Bermuda high where the lowest wind speeds are observed. Also, the
largest number of diurnal warming events greater than 1°C occurs between June and
August when solar insolation values are at their peak and cloud cover and winds are low.
Price et al. (1986) explored the diurnal cycle off the west coast of California
using ship data over a 25 day period. A mixed-layer model called the Diurnal Ocean
Surface Layer Model (DOSL) was also developed to examine the diurnal cycle in this
region and compare it to the observed values. Diurnal surface temperatures measured at
2 m ranged from 0.05 to 0.4°C and were mainly due to variations in the wind stress, since
during the period examined sky conditions were consistently fair. The model results gave
a reliable simulation of the amplitude of the diurnal cycle for observed conditions. Price
et al. (1987) revisited the Sargasso Sea and using LOTUS data used empirical methods to
develop an equation to determine the diurnal amplitude of SST using heat flux and wind
stress values. Using the least squares approach they came up with equation (2.1),

∆T ( H , S ) = αH β exp( − S / γ )

(2.1)

where ∆T represents the diurnal warming in SST, H is surface heating, S is the wind
stress, and the values of the other terms that maximize the percent of variance accounted
for by the model are:

α = 0.25 ± 0.05 o C
β = 1.40 ± 0.1
γ = 0.70 ± 0.05
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However, this equation was not tested in other locations to see if it holds true for different
latitudes or water clarity.
With the implementation of TOGA COARE during 1992-1993 to investigate the
atmospheric and oceanic processes over the region of the western Pacific warm pool
(WPWP), new studies of the diurnal cycle and diurnal warming of SST were conducted.
In this area light winds tend to prevail and it was found that SSTs can exceed 33.25°C
during these calm conditions with diurnal warming greater than 3°C in the top 1 m of the
ocean (Soloviev and Lukas, 1997), which is consistent with earlier reports of such
extreme warming of SST observed in a day. Fairall et al. (1996) examined cool-skin and
warm-layer effects on SST from TOGA COARE data. They defined the warm layer as
the warm region in the upper few meters of the ocean that occurs only during the day.
This is due to absorption of solar radiation in this layer during the daytime, which causes
this layer to warm up and decrease in density compared to the cooler water in the lower
mixed-layer. They also reported that the extent of diurnal warming that can occur in this
layer can be around 3°C. This layer disappears during the nighttime as the layer cools
and becomes denser, creating more mixing in the upper ocean. They define the cool-skin
as the layer that resides in the upper few millimeters of the ocean. It is due to the cooling
effects from heat fluxes and net longwave radiation. It tends to be a magnitude of 0.1 to
0.5°C cooler than the layer below (Fairall et al., 1996).
Webster et al. (1996) also investigated the diurnal cycle of SST at different
depths. Using data from the R/V Moana Wave taken during TOGA COARE and running
an ocean model, they determined the SST at different depths from the measured bulk
surface temperature at 1 cm and examined the diurnal variability of the different layers
under different conditions. The different levels determined by the model for SST were at
the skin, 0.5 m, and 5.0 m. They reported a cool skin difference between the bulk (1 cm)
and skin SST on the order of 0.2 to 0.3°C which falls in the range reported by Fairall et
al. (1996). During their period of examination, they used case studies to determine what
effect different atmospheric conditions have on the diurnal variability of these different
levels. Under clear skies (peak insolation of 929 W m-2) and low wind speeds (average
wind speed of 2.7 m s-1), they found that the diurnal range of the 1 cm bulk temperature
was much higher than that of the 5.0 m depth (1.22°C compared to 0.31°C). When skies
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were clear and winds were strong (average wind of 9.5 m s-1), there was not a high
diurnal range in SST observed at any depth. Highest diurnal warming was observed at
the skin with a value of 0.13°C. Finally, under cloudy skies (peak insolation of 557 W m2

), moderate wind speeds (average wind of 4.9 m s-1), and significant amounts of

precipitation (total amount of 51.4 mm for the day), there was hardly any diurnal
warming observed with some slight cooling observed at all levels immediately after the
precipitation events.
Examining more closely the influence varying amounts of peak insolation, wind
speed, and rainfall rates have on the diurnal warming amplitude of the skin SST using
average conditions of TOGA COARE, Webster et al. (1996) created a graph showing
these effects (Figure 2.1). On the left are values of skin SST variation, or the diurnal
warming value, dependant upon peak insolation in W m-2 (on the bottom of the graph),
average daily wind speed in m s-1 (labeled on the right), and the different average daily
rainfall rates associated with the different wind speed groupings in mm hr-1(different line
types). It can be observed from the graph that decreasing (increasing) wind speeds and
higher (lower) peak insolation values create larger (smaller) diurnal warming events.
This has been confirmed by previous work formerly mentioned. However, the effect of
precipitation had not been looked at in detail. As can be seen on the graph, increasing
(decreasing) rainfall rates increase (decrease) the diurnal range under moderate wind
speeds (2-6 m s-1), but at low and high wind speeds the amount of precipitation does not
play as much of a role. Overall, precipitation is not a large determining factor in the
amplitude of diurnal warming, with its largest influence visible (between a rainrate of 0mm hr-1 and 4 mm hr-1) of less than 0.3°C at a wind speed of 3.0 m s-1 and a peak
insolation value of 1000 W m-2.
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Figure 2.1. Diurnal range in SST as a function of peak solar insolation, average wind
speed, and rainrate.
According to Webster et al. (1996), the physical explanations for the role these
atmospheric forcings have on the diurnal warming are as follows:

•

Incoming solar radiation is the primary cause for the existence of the diurnal cycle in
SST and is primarily influenced by cloud characteristics. Higher values of solar
insolation increase the amount of shortwave radiation absorbed by the surface
therefore increasing the SST.

•

Wind speeds influence the surface heat flux. With increasing wind speed the net
surface heat flux increases and therefore upper oceanic mixing increases as well.
This mixing circulates the surface heating throughout a greater depth of the ocean and
decreases the amount of diurnal warming.
9

•

Greater amounts of precipitation reduce the salinity at the ocean surface and therefore
increase the stability at the surface. This reduces mixing and allows greater diurnal
warming. The influence of precipitation on diurnal warming becomes less at low
wind speeds due to the fact that at lower wind speeds there is little wind mixing and
there is a limit to the amount the ocean can heat with a given peak insolation.

The results from figure 1 were used by Webster et al. (1996) to develop a
regression equation that uses the values of peak insolation, daily averaged wind speed,
and daily averaged precipitation (2.2).

dSST = f + a( PS ) + b( P) + c ln(U ) + d ( PS ) ln(U ) + e(U )

(2.2)

where,
PS = peak solar insolation (W m-2)
U = daily averaged wind speed (m s-1)
P = daily averaged precipitation (mm hr-1)
The coefficients are determined differently for U > 2 m s-1 and U ≤ 2 m s-1 (Table 2.1).
The parameterization was found to have an overall bias of less than 0.05°C, with a
maximum bias of 0.07°C at very high wind speeds.

Table 2.1. Coefficient values for dSST equation (2.2) for different daily averaged wind
speeds.
Coefficient
f
a
b
c
d
e

U > 2 m s-1
0.262
0.00265
0.028
-0.838
-0.00105
0.158

U ≤ 2 m s-1
0.328
0.002
0.041
0.212
-0.000185
-0.329

Kawai and Kawamura (2002) used satellite-derived solar radiation data and
meteorological observations from buoys to simulate the diurnal variation of SST using a
10

one dimensional model.

They retrieved the satellite data from the Geostationary

Meteorological Satellite/Visible Infrared Spin Scan Radiometer (GMS/VISSR), which
had an observation area of 60°N-60°S and 80°E-160°W. Buoy data from within this
domain were also used, which included data from the Marine Environmental Data
Service (MEDS), the TAO/TRITON array, and buoys managed by the Japan
Meteorological Agency (JMA) (Figure 2.2). The results from the model run were then
used to create another regression equation to resolve diurnal warming (2.3).

∆SST = a( PS ) 2 + b[ln(U )] + c( PS ) 2 [ln(U )] + d

(2.3)

The variables in this equation are the same as those used by Webster et al. (1996),
however with different regression coefficients determined for U > 2.5 m s-1 and U ≤ 2.5
m s-1 (Table 2.2). This form is different from that of Webster et al. (1996) in that it was
derived from data over a larger region than just from the WPWP and also does not
contain a precipitation variable.
Stuart-Menteth et al. (2003) used the equation developed by Kawai and
Kawamura (2002) to aid them in examining global variations of diurnal warming. Ten
years of daily daytime and nighttime AVHRR satellite-derived SST data were collected
and a day-night temperature difference was performed to determine the diurnal warming.
Kawai and Kawamura’s (2002) equation was used to verify that the results were reliable.
This model was chosen over Webster et al.’s (1996), since they were examining diurnal
warming globally and felt that since the model of Kawai and Kawamura (2002) was
derived from more diverse data it would give a better representation of diurnal warming
outside of the tropics. However, they could only use this equation with monthly averages
of satellite derived wind speed and solar radiation values where the model was intended
for daily fields. This overestimated the diurnal warming amplitudes. Other limitations
with their method included limited day-night match ups to compute the diurnal range due
to missing data between satellite passes and cloud contaminated regions. This was
especially a problem in the tropics where clouds tend to be more numerous associated
with the ITCZ. Also, the diurnal range calculated from the day-night difference only
showed part of the full diurnal warming amplitude. Stramma et al. (1986) used the same

11

method for calculating the diurnal warming and when compared to in-situ measurements
it only captured 40% to 95% of the full diurnal range. Therefore, the diurnal warming
values calculated likely underestimated the full extent of the diurnal range.
Although these limitations existed the results provided the first global view of
diurnal warming. Stuart-Menteth et al. (2003) found that diurnal warming events occur
frequently in the mid-latitudes as well as in the tropics. Diurnal warming also showed a
strong seasonal cycle in such regions as the summer midlatitudes, WPWP, and northern
Indian Ocean. When different years were compared to each other, they found that there
were two different types of global diurnal warming patterns. However in this study they
found upon further investigation these patterns were thought to have been due to the local
overpass time of the satellite.

Figure 2.2. Buoy locations used for the Kawai and Kawamura (2002) study. Circles
represent drifting and TRITON buoys, while the asterisks represent JMA buoys.
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Table 2.2. Coefficient values for ∆SST equation (2.3) for different daily averaged wind
speeds.
Coefficient
a
b
c
d

U > 2.5 m s-1
3.2708 x 10-6
-7.9982 x 10-2
-1.3329 x 10-6
7.3287 x 10-2

U ≤ 2.5 m s-1
5.6814 x 10-6
4.0052 x 10-1
-3.9637 x 10-6
-3.6700 x 10-1

2.2 Importance of the Diurnal Cycle and Diurnal Warming

Several studies have reported on the significance of the diurnal cycle and diurnal
warming and the impact that it plays on atmospheric and oceanic processes. Price et al.
(1986) remarked that the diurnal cycle plays an important role in fair weather variability.
Webster et al. (1996) reported that a 1°C change in SST can increase the upwelling
longwave flux by 6.3 W m-2, the sensible heat flux by 2.4 W m-2, and the latent heat flux
by 18.7 W m-2. This can cause large errors in the net surface heat flux. Also, Cornillion
et al. (1985) found that inclusion of the daily cycle made a difference in the monthly
mean SST in the Sargasso Sea, increasing it 0.2°C. It is possible in other areas that
including the daily cycle would help improve flux measurements. This improvement has
been desirable for certain global climate communities such as the WCRP Global Energy
and Water Cycle Experiment (GEWEX) Radiation Panel and the Climate Variations
(CLIVAR) Science Steering Group.
Clayson and Chen (2002) performed coupled atmosphere-ocean single-column
model simulations and examined changes in the temperature and humidity profiles of the
atmosphere when including the daily cycle of SST compared to using a single average
value for SST during the day. They found significant differences in the atmospheric
profiles when comparing the two cases. Figures 2.3a and 2.3b show their findings. Both
figures are averages over a three weekly period in the TOGA COARE region. Figure
2.3a was during the active phase of the MJO while 2.3b was during the suppressed phase.
It can be seen that during both periods there are differences in both the temperature and
humidity profiles. These differences in the temperature profiles reach all the way up to
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200mb. Maximum magnitudes in differences for temperature extend up to 4K, while
during the active phase of the MJO there is a maximum difference close to 6 g kg-1
magnitude in the humidity profile directly above 950mb.
Soloviev and Lukas (1997) explained that extreme diurnal warming events of up
to 1-3°C in SST can increase convection in the atmospheric boundary layer. Chen and
Houze (1997) also found this to be the case in the WPWP with cloud systems in the area.
Stuart-Menteth et al. (2003) reported that excluding the diurnal cycle with relation to
diurnal warming creates errors with radiance assimilation in NWP models, influences the
accuracy of air-sea gas fluxes, and can ‘contaminate’ SST observations, including only
certain times for measurement which lead to biasing of the data.
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(a)

(b)
Figure 2.3. Average profiles of temperature and humidity showing differences when
using the daily cycle of SST compared to using a single average SST value for the day
for the active phase of the MJO (a) and the suppressed phase (b).
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CHAPTER 3

DATA and METHODOLOGY

3.1

Data

This study examines the variability of diurnal warming in the tropics and the
diurnal range model (Eq. 2.2) developed by Webster et al. (1996), which was regressed
through the use of more data in the tropics than that of Kawai and Kawamura (2002) (Eq.
2.3). The data needed for this model is the maximum shortwave radiation, daily averaged
wind speed, and daily averaged precipitation. However, since precipitation data was not
available for this study and was found to be of less importance than the other variables,
shortwave radiation (SWR) and wind speed were all that was needed. The SWR was
obtained from ISCCP DX dataset and wind speed was retrieved from SSM/I version-5
data.

For comparison purposes between the satellite-derived and observed diurnal

warming values, in-situ data was obtained from the TAO/TRITON and PIRATA buoys.

a. ISCCP SWR and SST

ISCCP was developed in 1982. This study began the first project for the World
Climate Research Program and had several goals with one of the major objectives being
to “produce a global, uniformly calibrated, satellite radiance dataset from which cloud
parameters can be derived,” (Rossow and Dueñas, 2004). Radiances from different
satellites including the National Oceanic and Atmospheric Administration (NOAA) Polar
Orbiting Environmental Satellites (POES), Geostationary Operational Environmental
Satellites (GOES), Geostationary Meteorological Satellites (GMS), and METEOSAT
geostationary satellites were used to better understand cloud properties and how their
global distribution vary on different timescales. Different cloud product data series have
been developed since the beginning of ISCCP with numerous modifications. One of the
more recent alterations has been in the creation of the ISCCP DX dataset, which has an
increased spatial resolution of 30 km and a temporal resolution of 3 hours.

16

Downwelling SWR values and SST data obtained from the DX dataset were
provided by Dr. William Rossow. Radiances are converted to actual SWR values by
running them through a spectral radiative transfer model with ISCCP-derived cloud
properties as input parameters, following the methodology of Zhang et al. (1995). ISCCP
data was available for every 3 hours at 0000, 0300, 0600, 0900, 1200, 1500, 1800, and
2100 UTC hours. The data was used in the global tropical latitudes (30°N to 30°S) with
SWR having a spatial resolution of 0.5° latitude x 0.5° longitude (remapped from DX
pixel results) and SST data at 0.25° latitude x 0.25° longitude resolution. For each
latitude and longitude pixel the maximum SWR value for each day (local time
considered) was found during the period from 01 January 1996 to 31 December 2000.
Missing data was found between the swath passes of the satellites (e.g. Figure 3.1). If
two or more SWR values at a particular location were missing during the day than the
maximum SWR value was not included and considered missing. The percentage of
missing SWR data for each year is listed in Table 3.1. Interpolation between the peak
SWR values was performed to fill in the gaps (e.g. Figure 3.2). A weighted average
interpolation was used, which involves averaging the values around the point that is
missing to find an interpolated value by giving higher weights to data that is closer.
Example figures 3.1 and 3.2 are taken from 01 January 1997; the peak values of SWR are
higher in the Southern Hemisphere (SH), which is expected since it is during the SH
summer. Since the ISCCP SST files have a resolution of 0.25° x 0.25°, four of the
coincident SST pixels use the same SWR value. SST values from predawn passes were
extracted from the dataset and for each day a weighted average interpolation was also
used to fill in gaps.

Table 3.1. Percent of SWR data missing for each year studied.

Year
1996
1997
1998
1999
2000

% SWR data Missing
7.08 %
6.73 %
4.98 %
0.92 %
0.96 %
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Figure 3.2. Maximum SWR image (interpolated) for 01 January 1997.

Figure 3.1. Maximum SWR image (non-interpolated) for 01 January 1997.

b. SSM/I Wind Speeds

The SSM/I instruments are used onboard the Defense Meteorological Satellite
Program (DMSP) polar orbiting satellites. A listing of these satellites and their data
record length is in Table 3.2.

As part of the Pathfinder Program at the National

Aeronautics and Space Administration (NASA), SSM/I data are used to find ocean wind
speed at 10 m, water vapor, cloud water, and rain rate. SSM/I wind speed data has been
used since March 1993 in the global data assimilation system at the National Centers for
Environmental Prediction (NCEP), after it was shown to help short-range forecasts and
numerical weather analyses (e.g. Yu and Deaven, 1991).

Table 3.2. List of DMSP satellites with SSM/I instruments and dates in operation.

DMSP Satellite
F 08
F 10
F 11
F 13
F 14
F 15

Record Length
July 1987 – Dec. 1991
Dec. 1990 – Nov. 1997
Dec. 1991 – May 2000
May 1995 – Present
May 1997 – Present
Dec. 1999 - Present

SSM/I version-5 data was downloaded from ftp.ssmi.com and used for this study.
This data uses an improvement to the Wentz algorithm (Wentz, 1997) to convert
radiances to the atmospheric variables previously mentioned.

Details of these

improvements can be found at www.ssmi.com. The data have a spatial resolution of 0.5°
latitude X 0.5° longitude and was also edited for the global tropics ranging from 30°N to
30°S latitude.

Since this research covers the period from 01 January 1996 to 31

December 2000 the satellites used for data collection purposes were the F 10, F 11, F 13,
F 14, and F 15 DMSP satellites. For each pixel, the available SSM/I wind speed data that
were measured during different times of the day were averaged to obtain the 10 m daily
averaged wind speed. If no wind speed values were found for a particular location due to
spaces between satellite measurement passes, these locations were filled in with
interpolated data using the same technique used for the ISCCP data after the 10 m daily
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average was calculated. Figure 3.3 shows an example of a daily averaged wind speed
map for 01 January 1997. As with the SWR, four of the coincident SST pixels use the
same wind speed value, leading to an array of values.

c. TAO/TRITON and PIRATA Buoy Data

The TAO array (now referred to as the TAO/TRITON array) consists of on
average 70 buoys that lie in the tropical Pacific between the latitudes of 8°N and 8°S and
a longitude range between 95°W and 137°E. This array has been a major component in
the ENSO Observing System. The buoys measure several atmospheric and oceanic
variables with some buoy data reaching all the way back to 1977. These buoys have the
major advantage of recording data with a temporal resolution of a day or higher
(McPhaden et al., 1998). The PIRATA program started in late 1997 and consists of 12
moored buoys in the tropical Atlantic. These buoys have a range between 15°N and 10°S
latitude and 0°W and 38°W longitude. Like the TAO/TRITON buoys, the PIRATA array
also measures key atmospheric surface variables and upper ocean characteristics. The
program was originally meant to last until 2000 (Servain et al., 1998), however has
continued to stay in operation giving researchers a better understanding of climate in the
tropical Atlantic.
High resolution SST data measured at 1 m depth and recorded every 10 minutes
was obtained from several buoys within the TAO/TRITON and PIRATA arrays. A
listing of buoys used can be found in Table 3.3 and their geographical location can be
found in Figure 3.4. These buoys were the only ones that included all variables needed
for the 1999 comparisons. High resolution downwelling SWR (measured at 3.5 m above
sea level and at 2 minute resolution) and wind speed (4 m above sea level at 10 minute
resolution) were downloaded to compare differences between the satellite derived and insitu peak SWR and daily averaged wind speed. An 18 minute running mean was used on
the SWR data before the maximum SWR value was found to smooth out short-lived
spikes that occur in the data, since they would not have an influence on the diurnal
warming of SST. Also, wind data was adjusted to wind speeds at 10m using a log wind
profile with stability considerations developed for the Bourassa-Vincent-Wood (BVW)
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Figure 3.3. 10 m daily averaged wind speed (interpolated) for 01 January 1997.

Figure 3.4. Geographical locations of the TAO/TRITON (top) and PIRATA (bottom)
buoys used for comparisons.

Table 3.3. Buoys used for comparison studies.
TAO/TRITON Buoys
0N 110W
0N 125W
0N 165E
2N 165E
2S 165E
2S 95W
5N 165E
5S 165E
5S 95W
8S 165E
8S 95W

PIRATA Buoys
0N 10W
0N 23W
0N 35W
10S 10W
12N 38W
15N 38W
2N 10W
2S 10W
5S 10W
8N 38W
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model (Bourassa et al., 1999).

This conversion also required buoy values of air

temperature and specific humidity, which were acquired as well. However, a few buoys
had to be eliminated from the wind comparisons since they did not have one or both of
these values. All buoy data (TAO/TRITON and PIRATA) were acquired from the TAO
Project website at http://www.pmel.noaa.gov/tao/disdel/.

Buoy data was only obtained

for the year 1999. The in-situ diurnal warming between local predawn time and the
afternoon was found from the SST data. The maximum peak SWR value was found for
each day and the wind speed was averaged over 24 hours. Comparisons of the buoy data
and the satellite-derived values are shown in Chapter 4.

3.2

Methodology

a. Average Diurnal Warming SST Files

After all the ISCCP and SSM/I data were collected, diurnal warming files for each
day were created at 0.25° latitude x 0.25° longitude spatial resolution in the global tropics
(30°N to 30°S) using Webster et al.’s (1996) diurnal range model (Eq. 2.2) for the years
1996 to 2000. To first visualize the variability seen in the diurnal amplitude of SST,
average files of these values were computed. Average files included one for each month
over the entire examination period, one for each year, and one including all years.

b. EOF Analysis Procedure

The patterns of variability in both time and space in large data sets (such as the
diurnal warming data set) can be identified through the use of empirical orthogonal
function (EOF) analysis. This approach is also called principal component analysis
(PCA) and factor analysis. It is a technique that takes data that fluctuates in space and
time and breaks it up into spatial patterns with associated time variations that describe
how the values vary.

The spatial patterns are described by many different names

throughout the literature such as “principal component loading patterns”, “modes”, and
“eigenvectors”.

The time series is also expressed several different ways including
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“expansion coefficient time series”, “expansion coefficients”, and “principal component
time series”. For simplicity, here the spatial patterns will be referred to as “modes” or
“eigenvectors” and the time series will be regarded as “principal component time series”.
To understand the method of how an EOF analysis is performed, let us first
assume we have a measured variable, in this case a diurnal warming value, at different
locations x1, x2,…xm that is measured at different times t1, t2,…tn. At each time tj (j =
1,…n) there will be a different map of measurements xi (i = 1,…m).

These

measurements are stored in a matrix D that is characterized by having n rows and m
columns (Figure 3.6).

 x11 , x12 , L x1m 
 x , x ,L x 
2m 
D =  21 22
M
M 


x
x
L
x
,
,
nm 
 n1 n 2
Figure 3.5. Matrix D with each row being a map of values at a certain time and each
column being a time series of observations at a different location.
Each row can be defined as the map of data values at a certain time and each
column as the time series of the observed values at a particular location. The next step
would be to remove the mean from each of the m time series in matrix D, so that the sum
of values in each column would be zero. Then, a covariance matrix is created by
computing:

S=

1
DT D
n −1

where S is the covariance matrix and DT is the transpose of matrix D.

(3.1)

After the

covariance matrix is computed, the eigenvalue problem:

SE = EΛ
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(3.2)

must be solved. Both E and Λ are m by m matrices. The columns ei of matrix E are
eigenvectors of S. Λ is a diagonal matrix, which contains the eigenvalues λi of S. The
eigenvalues λi are the relative amount of variance in the data that each corresponding
eigenvector ei explains. Each eigenvector or mode can be thought of as a map of m
values, or weights, that display a pattern of variability with the first mode e1 explaining
the largest amount of variance λi in the data, mode 2 explaining the second highest
amount of variance, and so on. However, these modes only provide patterns of coherent
variability and do not necessarily give a physical interpretation.
To examine how these modes vary in time, it is useful to also find their associated
principal component time series. This is done by solving:
r
r
ai = Dei , where i = 1, …m.

(3.3)

r
This equation is a projection of matrix D onto the i-th mode. Each vector ai makes up the

principal component time series of its corresponding mode and contains n values or time
coefficients.
In the entire diurnal warming dataset there are 297498 spatial values (excluding
land pixels) that are measured over 1827 days. The computational time for an EOF
analysis of this dataset would be extremely long, so to simplify matters an EOF analysis
was performed on each tropical ocean basin separately. The domain used for each ocean
basin is listed in Table 3.4. Breaking up the analysis to each ocean also gives a more
detailed view of the variability of diurnal warming in the three separate regions.

Table 3.4. Ocean Basins and their domains used in the EOF analysis.

Ocean Basin
Atlantic Ocean
Indian Ocean
Pacific Ocean

Domain (Longitude)
80°W-20°E
30°E-120°E
120°E-80°W
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CHAPTER 4

RESULTS

4.1 Comparisons

To quantify errors in the Webster et al. (1996) parameterization (Eq. 2.2) for
diurnal warming, dSST, over larger regions and longer time scales than the original
evaluation, comparisons between the TAO/TRITON and PIRATA buoys were
performed. Two things to keep in mind when going over the results is that first, the
buoys measure SST at 1 m depth while the modeled dSST equation is set to examine the
diurnal warming of the skin SST. It was previously mentioned in Chapter 2 that Webster

et al. (1996) found large diurnal amplitude differences between the skin and 5 m
(0.91°C), during periods characterized by high solar insolation and calm winds. However
the differences observed between the skin and at 0.5 m were less (0.3°C). The buoy
measurements in this study could not be converted to skin temperature because the buoys
did not have downwelling longwave radiation data, which is needed to do such a
modification. Therefore, it would be expected that the satellite-derived dSST would have
a greater value than that observed by the buoy. Second, we are taking 50 km satellite
measurements of solar and wind values to compute diurnal warming and comparing it to
the buoys single point measurements. This is especially problematic when comparing the
SWR. Rossow and Zhang (1995) compared the ISCCP downwelling SWR to data from
the TOGA COARE pilot cruise in 1990, and found that most of the differences between
the two datasets were attributable to spatial sampling issues (see also Seze and Rossow,
1991). Bourassa et al. (2003) showed by comparing QuikSCAT wind data to ship
observations that there is substantial natural variability on spatial scales that are less than
25 km. Differences in the spatial scale of measurements contribute to the calculated error
statistics.
Out of the 21 buoys used for this study there were a total of 3517 diurnal warming
values found in 1999. The dSST modeled values were extracted from the dSST database
from 1999 to match with the buoy measurements. Examination of the buoy dSST values
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showed that diurnal amplitude values greater than 2°C, though rare, did occur (Figure
4.1). However, comparing this to the histogram of modeled dSST, there are no values
that extend past 2°C (Figure 4.2). The maximum dSST value found with the buoy
measurements was 2.70°C, while the satellite-derived data gave a maximum value of
1.96°C.

This suggests that the modeled dSST may underestimate extreme diurnal

warming events.

For example the 2.70°C maximum dSST found from the buoy

measurements had a corresponding satellite-derived value of 0.84°C on that day. A
possible explanation for this is discussed later.

The buoy and satellite-derived

observations both showed a median dSST value of 0.31°C. Mean values for the buoy and
satellite-derived dSST data were also similar with values around 0.42°C.
In order to evaluate any regional biases in the dSST product, comparisons at each
buoy location were performed separately. The average bias and correlation of dSST
comparisons between the buoy and satellite-derived data for each buoy location are
shown in Table 4.1. Observations of these values corresponding to their geographical
location show no regional patterns. Biases were calculated by subtracting the satellitederived value from the observed. The biases are often less than one-tenth of a degree
Celsius in magnitude for both the Pacific and Atlantic Oceans and for all buoys range
from -0.174 to 0.129°C. Correlations range from 0.28 to 0.83, with most correlations
above 0.50.

All correlations are significant at the 95% level.

Higher correlations

dominate the PIRATA buoy locations, while TAO/TRITON correlations tend to be
slightly lower. Overall, including all buoy and satellite-derived dSST data, there is an
average bias of -0.002°C and a correlation value of 0.74. The standard deviation for the
bias of the whole dataset is 0.26°C. This average bias shows that on average the satellitederived data are closely matching the observed dSST values. The histogram for all bias
values forms a mostly Gaussian curve, which is visible in Figure 4.3.
There are several ways for errors in the satellite-derived dSST to occur. One is by
errors in the input fields of shortwave radiation and wind speed, and another is through
the dSST parameterization itself. Webster et al. (1996) found an overall bias in the
parameterization of less than 0.05°C. Further examinations compare the maximum SWR
value and daily averaged wind speed measured by the buoy and satellite to determine the
individual contributors to bias and variability. Average biases and correlations for
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Figure 4.1. Histogram of observed buoy dSST values.
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Figure 4.2. Histogram of satellite-derived dSST values.
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Table 4.1. Average bias (buoy – satellite) and correlation values of comparisons between
the buoy and satellite-derived dSST values.

0N 110W
0N 125W
0N 165E
2N 165E
2S 165E
2S 95W
5N 165E
5S 165E
5S 95W
8S 165E
8S 95W

TAO/TRITON
Bias(°C)
Correlation
-0.019
0.60
0.027
0.51
-0.040
0.59
-0.019
0.51
-0.159
0.79
-0.174
0.58
-0.049
0.45
-0.070
0.56
0.050
0.62
0.050
0.49
0.014
0.79

PIRATA
Bias(°C)
0.029
0.073
0.129
-0.022
0.001
-0.013
0.026
0.028
-0.019
0.009

0N 10W
0N 23W
0N 35W
10S 10W
12N 38W
15N 38W
2N 10W
2S 10W
5S 10W
8N 38W

Correlation
0.68
0.80
0.53
0.83
0.70
0.73
0.28
0.59
0.75
0.55
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Figure 4.3. Histogram for all bias values by subtracting the satellite-derived dSST from
the observed buoy value.
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Table 4.2. Average bias (buoy – satellite) and correlation values of comparisons between
the buoy and satellite-derived daily maximum SWR values.

0N 110W
0N 125W
0N 165E
2N 165E
2S 165E
2S 95W
5N 165E
5S 165E
5S 95W
8S 165E
8S 95W

TAO/TRITON
Bias(W m-2) Correlation
121.74
0.44
81.80
0.53
133.89
0.22
161.02
0.13
127.08
0.44
123.37
0.54
173.97
0.15
132.67
0.10
119.85
0.46
165.97
0.33
192.08
0.30

0N 10W
0N 23W
0N 35W
10S 10W
12N 38W
15N 38W
2N 10W
2S 10W
5S 10W
8N 38W

PIRATA
Bias(W m-2)
98.37
132.93
147.76
138.89
118.87
46.13
116.25
80.44
158.95
104.81

Correlation
0.59
0.74
0.44
0.76
0.71
0.46
0.75
-0.05
0.30
0.78

Table 4.3. Average bias (buoy – satellite) and correlation values of comparisons between
the buoy and satellite-derived daily averaged wind values.

0N 125W
2N 165E
2S 165E
2S 95W
5N 165E
5S 165E
5S 95W
8S 165E

TAO/TRITON
Bias(m s-1)
Correlation
0.46
0.87
-0.29
0.71
0.24
0.72
0.46
0.84
-1.31
0.64
-0.41
0.73
0.16
0.81
-1.32
0.79

0N 10W
0N 23W
0N 35W
10S 10W
12N 38W
2N 10W
2S 10W
5S 10W
8N 38W
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PIRATA
Bias(m s-1)
-0.13
-0.07
-1.15
-0.13
-0.14
-0.60
-0.31
-0.14
-0.20

Correlation
0.68
0.84
0.66
0.93
0.92
0.64
0.88
0.91
0.93

comparing satellite maximum SWR (Table 4.2) and averaged wind speeds (Table 4.3)
were calculated for each individual buoy.
Solar comparisons show a large bias with the satellite measurements
underestimating the maximum daily SWR value, with most biases over 100 W m-2.
Correlations between the two measurements are also smaller than those calculated from
the dSST values, ranging from -0.05 to 0.78. However, correlations for buoys at 2S
10W, 5N 165E, 5S 165E, and 8S 95W are not significant at the 95% level. The average
bias for maximum SWR for the whole comparison dataset is 133.97 W m-2 and an overall
correlation of 0.48. This is a large bias for this study due to the fact that at low wind
speeds (0.1 m s-1) an error of 100 W m-2 in the maximum SWR can create a difference of
0.4°C in the dSST value, which is equal to our average dSST value observed in the
comparison dataset. A possible cause of bias is that the satellite only captures eight
measurements of SWR in a day (3 hourly data), while the buoy measures the SWR every
2 minutes (smoothed by an 18 minute running mean). So, the satellite measurements are
missing the true peak SWR value for the day. To test this, maximum SWR values for
each day were found from the buoy sites only using the measurement times used by the
satellite data. This reduced the overall bias in the peak SWR comparisons to 12 W m-2.
Therefore the bias produced from using 3 hourly SWR data from the satellite can be
reduced by having a higher resolution of SWR analysis. Thus, the main source of error in
the SWR was not the SWR data itself but the temporal resolution of the data. The daily
averaged in-situ and satellite measured wind values have much higher correlations (all
significant at the 95% level) than seen from the maximum SWR measurements, with
values ranging from 0.64 to 0.93.

The overall bias for the wind comparisons is -0.34

with a correlation of 0.84. The dSST values are less sensitive to this bias.
It is therefore the error in the maximum SWR that is contributing most to why the
satellite-derived dSST is not higher in value than the buoy measurements. If the ISCCP
satellite data was capturing the actual peak SWR than the dSST values from satellite data
would be higher. However, using average values for buoy peak SWR and daily averaged
wind speed and plugging them into the dSST parameterization shows that the average
dSST at the skin is 0.54°C. So, on average the dSST observed at that skin is only 0.12°C
greater than the average dSST value observed at 1 m. To determine the random error
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associated with the variance computed from the solar and wind comparisons, different
values of wind speed and maximum SWR values were substituted into a random error
equation derived from the Webster et al. (1996) dSST parameterization (4.1).

2

σ dSST =

2
(a + d ln(U ) )2 σ sol2 +  c + d ( PS ) + e  σ wnd



U



(4.1)

σ dSST will calculate how the standard deviation of dSST will change with
uncertainty in σ sol (standard error in SWR) and σ wnd (standard error in wind speed)
2
calculated from the comparison dataset. For this comparison study σ sol
equals (151.83)2
2
equals (1.15)2. A chart showing the values of (4.1) with different values of
and σ wnd

peak SWR and daily averaged wind speed is shown in Figure 4.4. As is visible from the
graph σ dSST is sensitive to both changes in SWR and wind speed. Generally, as average
wind speed increases (decreases) and peak SWR decreases (increases) the standard
deviation becomes less (more). However, one must keep in mind that the standard
deviation lines created by (4.1) assume that for a given wind speed there is an equal
distribution of maximum SWR observations between 0-1000 W m-2. Measurements from
this comparison study show that average peak SWR values are around 900 W m-2 and
average wind speed values are around 6 m s-1, which according to the chart would give a
standard deviation in dSST around 0.20°C. This value is close to the one found of
0.26°C.

Clearly improvements can be made in this error by having more satellite

measurements of SWR in a day to capture the true peak of SWR and thereby decreasing
the variance in the maximum SWR.

4.2 Examination of Average dSST Values

Since overall the satellite-derived dSST values show a small bias and have high
positive correlations with the in-situ data, it can be assumed that the modeled values can
give a good description of diurnal warming in the tropics. Figure 4.5 shows the average
values for dSST for the entire examination period from 1996 to 2000. Some notable
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Figure 4.4. Theoretical values of standard deviation in dSST measurements with
different values of average wind speed and peak SWR.
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Figure 4.5. Average dSST values in the tropics over the entire period studied (1996-2000).

features of this graph show there are several areas in the tropics where diurnal warming
can be above the average seen in the dSST comparisons (0.4°C). Diurnal warming
values greater than 0.7°C can be seen in several coastal regions including those off of
Guinea, western Central America, and northwest Australia. Also, these dSST values can
be seen along the equator with stronger warming in the equatorial east Pacific.
Maximum average diurnal warming is observed directly off the western coast of the
Galapagos Islands with values around 1.0°C.
Examination of the average daily averaged wind speed (Figure 4.6) and average
peak SWR (Figure 4.7) for the entire period shows the influence these values have on
diurnal warming in the tropics. It can be seen that the average dSST and daily averaged
wind speed maps tend to have the same spatial patterns but in opposite magnitude.
Wherever the wind speed tends to be high on average the diurnal warming is less. Over
the large regions with differences of less than 100 W m-2 in SWR, wind speed variations
become of prime importance in dSST variability. Along the average placement of the
ITCZ (5°N), lower values of peak SWR can be found due to more convection found in
this region with higher values directly north and south. This pattern is not visible in the
Indian Ocean, which shows little variability throughout most of the basin. These lower
values of peak SWR along the ITCZ create smaller average dSST values.
The average wind speeds are around 3-4 m s-1 in areas where high average dSST
values of 0.7°C were found, while wind speeds greater than 8 m s-1 are associated with
weak diurnal warming of less than 0.2°C (i.e. south Indian Ocean and tropical north
central Pacific Ocean). Along the Pacific coast of Central America there are large wind
speed differences due to gaps in the mountain ranges in that area. Southeasterly winds
are funneled through the Chivela Pass in the Sierra Madres and the lake district of
Nicaragua, creating very high winds speeds on the Pacific coast side.

Where the

mountain ranges exist, their high topography acts as a wall to the southeasterly winds and
therefore decreases the wind speed in these Pacific coastal regions. These dramatic
changes in wind speed have an impact on the dSST, where in regions of gap flow there is
on average lower dSST values observed compared to dSST values in regions where
mountain ranges are located. Lower wind speeds also occur in the equatorial regions just
south of the ITCZ, so higher diurnal warming events happen here as well.
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Figure 4.7. Average peak SWR values in the tropics over entire period studied (1996-2000).

Figure 4.6. Average wind speed values in the tropics over entire period studied (1996-2000).

Average diurnal warming values for January and July during the entire period are
shown in Figures 4.8 and 4.9. These images show the seasonal cycle in dSST. Here the
influence of maximum SWR is clearer. During January, or SH summer, the SH receives
more SWR (Figure 4.10) due to the tilt of the earth and therefore larger values of dSST
are observed. The opposite is true for July (Northern Hemisphere (NH) summer), where
in the NH higher values of SWR occur (Figure 4.11) bringing with it larger dSST values
than in the SH. This pattern is clearly visible in the tropical Atlantic and Pacific Ocean
basins, however in the Indian Ocean this cycle does not hold true. Here average dSST
values tend to vary the same way in both oceanic hemispheres.

During January

throughout most of the basin there are average dSST values on the order of 0.3-0.6°C,
with average wind speeds of around 4-7 m s-1 (Figure 4.12) and average peak SWR
values greater than 700 W m-2. However, in July most of the dSST values decrease to
less than 0.2°C. This ocean wide cycle occurs due to the summer monsoon in the Indian
Ocean, which in July brings with it stronger wind speeds (greater than 9 m s-1) (Figure
4.13) at the surface and decreased SWR values (around 500 to 700 W m-2) due to tropical
convection. Both of these factors influence the dSST by decreasing its amplitude.
To examine the year to year variability in dSST, average dSST images were
created for each year (Figure 4.14). There are no clear interannual changes in each ocean
basin except for in the eastern equatorial Pacific.

In 1996 there is strong diurnal

warming, greater than 0.8°C on average. However, in 1997 this warming diminishes to
0.5-0.6°C. The strong diurnal warming returns in 1998 and continues into 1999 with
extreme dSST values reaching greater than 1.2°C. Then in 2000 the warming tends to
subside slightly and looks more like the pattern of 1996. It is interesting that average
diurnal warming for this period in the eastern equatorial Pacific is at a minimum during
1997, which is an El Niño year. El Niño is characterized by above mean SSTs in the
eastern Pacific. However diurnal warming during this period behaves oppositely and is
below average. Also, 1998 was a La Niña year, which is characterized by below average
SSTs in the eastern Pacific, and this is when diurnal warming was at an extreme for this
period.
An ENSO year is typically defined from October in the year it is classified to
September of the next year. So for example, the El Niño of 1997 began in October 1997
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Figure 4.9. Average dSST values in the tropics for July over the entire period studied (1996-2000).

Figure 4.8. Average dSST values in the tropics for January during the entire period studied (1996-2000).
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Figure 4.11. Average peak SWR values in the tropics for July over the entire period studied (1996-2000).

Figure 4.10. Average peak SWR values in the tropics for January during the entire period studied (1996-2000).
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Figure 4.13. Average peak wind speed values in the tropics for July during the entire period studied (1996-2000).

Figure 4.12. Average peak wind speed values in the tropics for January during the entire period studied (1996-2000).

Figure 4.14. Average dSST values for each individual year during the entire period
studied (1996-2000).
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and ended in September 1998. These patterns usually show their strongest signal in
December or January, so to make sure this diurnal warming feature is part of the ENSO
cycle average, dSST images were made for December 1997 (El Niño) and December
1998 (La Niña) (Figure 4.15). It can immediately be seen that the patterns still hold true
with December 1997 having weaker diurnal warming in the equatorial eastern Pacific
than in December of 1998. Trade wind speeds during El Niño tend to relax and become
below average in the central Pacific, reducing upwelling along the equator and therefore
create warmer SSTs in this region. These above average SSTs create convection in the
central to eastern Pacific, which would reduce SWR values at the surface. The average
images for peak SWR and wind speed for December 1997 and 1998 are shown in Figure
4.16 and Figure 4.17 respectively. In December 1997 winds in the central Pacific are
slightly lower (~ 4-5 m s-1) than those observed in 1998 (~ 7 m s-1). Also, wind speeds in
the eastern equatorial Pacific are higher during the El Niño event than those seen during
the La Niña period. Therefore for this El Niño-La Niña period, wind speeds in the
eastern equatorial Pacific did not follow the trend of winds in the central Pacific. These
above average wind speeds for December 1997 and below average wind speeds for 1998
in this region are also confirmed by examination of the TAO/TRITON wind speed data
(Figure 4.18). The maximum SWR values follow the expectations that occur with ENSO
with reduction in 1997 from 1998 in the central and eastern Pacific from the equator to
5°S.

So, it is these factors of decreased SWR and larger wind speed values that

contribute to the smaller diurnal warming in SST during the El Niño of 1997 from the La
Niña of 1998.

4.3 EOF Analysis

To further examine patterns of large-scale variability in dSST, an EOF analysis of
the data was performed in each tropical ocean basin (Atlantic, Indian, and Pacific
oceans). The variances accounted for by first three modes in each ocean basin are shown
in Table 4.4. The percent variance associated with the first mode, which explains most of
the variability in diurnal warming, for all ocean basins has a small value. The largest
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Figure 4.15. Average dSST values for December 1997 (top) and December 1998 (bottom).

Figure 4.16. Average peak SWR values for December 1997 (top) and December 1998
(bottom).

Figure 4.17. Average wind speed values for December 1997 (top) and December 1998
(bottom).
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Figure 4.18. Average wind speed for December 1997 (top) and December 1998 (bottom) (Images created at the TAO website).

variance explained for mode 1 occurs in the Indian Ocean with a value of 17.4%. This
value states that the pattern associated with mode 1 in the Indian Ocean can only explain
17.4% of the total variability of diurnal warming in this region. The Indian Ocean also
has the largest cumulative variance for the first three modes with a value of 29.3%. This
illustrates that diurnal warming is greatly variable from day to day. The Pacific Ocean is
observed to have the greatest variability in dSST, with the first mode only explaining
9.1% of the variance and the cumulative variance for the first three modes only slightly
greater than that found for the first mode in the Indian Ocean. To put these variance
values in perspective, Barnett (1977) examined the variability of the Pacific trade winds
by performing an EOF analysis on ship measured wind observations and found that the
first mode could explain 91% for the u-component of the trade wind field and 67% for
the v-component.

However, their wind values were averaged over two months for the

period of 1950-1972 and had a much coarser grid resolution of 4° latitude x 10°
longitude. The dSST dataset is at a finer resolution which will show more variability
spatially. Also, since cloudiness, which influences the peak SWR, and wind speeds are
variable from day to day, this creates variability in the diurnal warming calculated from
these values.

Table 4.4. Variances accounted for by each mode and cumulative percentage for the first
three modes of the EOF analysis for each tropical ocean basin.
Tropical Ocean Basin
Atlantic
Indian
Pacific

Mode 1
13.1%
17.4%
9.1%

Mode2
6.2%
7.4%
5.2%

Mode3
4.5%
4.5%
3.4%

Cumulative
23.8%
29.3%
17.7%

Even though the variances explained by each mode are small for all basins,
identifiable patterns of variability are revealed through the EOF analysis. The first three
mode spatial patterns and their corresponding principal component time series are shown
respectively for the Atlantic (Figures 4.19 and 4.20), the Indian (Figures 4.21 and 4.22),
and the Pacific (Figures 4.23 and 4.24) Oceans. All principal component time series
were sporadic in their amplitude (blue line), but were smoothed out by running a 3
monthly mean (pink line) on all time series data to better show its variability. Individual
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(a)

(b)

(c)
Figure 4.19. dSST EOF spatial patterns for mode 1 (a), mode 2 (b), mode 3(c) in the
tropical Atlantic Ocean.
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Figure 4.20. dSST principal component time series for mode 1 (a), mode 2 (b), mode
3(c) in the tropical Atlantic Ocean.
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(a)

(b)

(c)
Figure 4.21. dSST EOF spatial patterns for mode 1 (a), mode 2 (b), mode 3(c) in the
Indian Ocean.
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Figure 4.22. dSST principal component time series for mode 1 (a), mode 2 (b), mode
3(c) in the Indian Ocean.
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(b)

(c)
Figure 4.23. dSST EOF spatial patterns for mode 1 (a), mode 2 (b), mode 3(c) in the
tropical Pacific Ocean.
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Figure 4.24. dSST principal component time series for mode 1 (a), mode 2 (b), mode
3(c) in the tropical Pacific Ocean.
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values within each spatial pattern are referred to as weights, while individual values in
the principal component time series are regarded as time coefficients. At any point along
the time series, multiply all weights within the spatial pattern by the time coefficient
value, to obtain the actual amount of diurnal warming (above or below the mean) of
which that mode explains. Therefore, higher magnitude weight values show areas of
greater variability. Visual examination of all modes in each basin shows some common
variability characteristics, which are discussed separately.

a. Hemispheric Seasonal Variability

For all ocean basins, mode 1 shows the seasonal variability of dSST that was
illustrated by examining the January and July average dSST images. In the tropical
Atlantic and Pacific Ocean there are mostly negative weights that dominate the NH and
positive weights that dominate the SH. The time coefficients are generally positive from
October to March and negative from April to September. This cycle brings above mean
dSST values in the SH and below mean values in the NH for the boreal winter. The
opposite is true for the boreal summer, when the time coefficients are negative and where
in the NH above the mean dSST values are visible and in the SH below the mean values
are prevalent. This seasonal variability is due to the annual cycle of solar radiation which
was discussed about previously.

This cycle is fairly constant throughout the

observational period and therefore there is little interannual variability between the
different years for this mode. The consistent cycle of SWR can be found by taking an
EOF analysis of the peak SWR data for each of these oceans and examining its first
mode. An example of the spatial pattern and time series for mode 1 (27.7% variance
explained) of the peak SWR is shown for the Atlantic Ocean in Figure 4.25.
However, as also mentioned the Indian Ocean does not follow this same trend.
The first mode for the Indian Ocean displays mostly positive weights with weights
greater than 0.5 dominating from 15°S northward. Therefore, the entire basin follows the
same trend of being above the mean or below the mean following this mode’s time
coefficient values.

Higher amplitude positive time coefficients (above 0.1°C) occur

around March and April alluding to diurnal warming values greater than 0.4°C above the
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mean in the Arabian Sea, Bay of Bengal and directly east of Somalia. Equal magnitude
negative weights transpiring from May to August bring below average values of around
0.4°C to these areas. There is a slight rebound of positive time coefficients from October
to December, on average not much greater than 0.02°C, so dSST values are close to mean
values for the entire basin during this time. This variability is once again due to the
summer monsoon, where the monsoon trough lies over northern India during the months
where negative time coefficients occur and brings with it deep convection and rainfall
over most of the ocean basin. Also, during these months the low-level cross-equatorial
jet (Figure 4.26), which resides around 1 km, is at its strongest (Findlater, 1971). This
jet, even though it resides further aloft, can influence wind speeds near the surface by
increasing them as well (Figure 4.27). These factors decrease the dSST and therefore
below average values are observed during this time.

This mode also shows little

differences between the seasonal variability for different years.
In mode 2 for the Indian Ocean, the spatial pattern that exists resembles more
closely the patterns observed from mode 1 in the Pacific and Atlantic. Therefore, dSST
values in both hemispheres for this basin are still influenced by the SWR cycle. Negative
weights occur mostly in the NH and positive weights are widespread in the SH. The
principal component time series of mode 2 also shows that this pattern goes through an
annual cycle. The annual cycle in this mode tends to be shifted about a month earlier in
its pattern compared to the cycles viewed in mode 1 for the Atlantic and Pacific with
negative time coefficients dominating March to August and positive time coefficients
prevailing from April to September.

So although the annual cycle in SWR is still

influential in determining dSST values in the Indian Ocean, the monsoon cycle plays a
more dominant role in diurnal warming in this basin.

b. East-West Dipole

In each basin there also exists an east-west ocean dipole of strong negative
weights and positive weights. In the tropical Pacific it occurs in mode 2 and in the
Atlantic and Indian oceans it occurs in mode 3. For the Atlantic and Indian oceans
positive weights up to 3.5 can be found in the eastern part of the ocean, while lower
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Figure 4.25. Peak SWR EOF spatial pattern (a) and principal component time series (b)
for mode 1 in the tropical Atlantic.
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Figure 4.26. Low-level cross equatorial jet (solid line) at 1 km during August based on
the work by Findlater (1971).

Figure 4.27. Zonal vertical cross-section of monthly mean meridional wind speed around
the equatorial region in the Indian Ocean (Findlater, 1971).
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magnitude negative weights (around -2 to -2.5) are in the western region. Thus, higher
variability is found in the eastern areas for both of these ocean basins. Also, the dipole in
the Indian Ocean is closer to the equator, but in the Atlantic it is found farther north
(around 8°N). In the Pacific, negative weights up to -3 are found in the eastern equatorial
zone and positive weights of equal magnitude are found in the western equatorial region.
The principal component time series for each of these modes show a general annual cycle
with some changes year to year.
For mode 3 in the Atlantic Ocean there is a general pattern of positive time
coefficients that run from October to May (above average dSST in the east and below
average dSST in the west) and negative time coefficients from June through September
(below average dSST in the east and below average dSST in the west). The time series
for this mode is more “noisy” than that observed in mode 1 for the Atlantic, but with the
3 month running mean the trend of the time series is clearer. This dipole effect in the
Atlantic is mainly due to the migration of the Atlantic ITCZ. The ITCZ in the Atlantic
during boreal winter and spring resides close to the equator in the western Atlantic
Ocean, bringing with it convective cloud cover and precipitation in this region (Grodsky
and Carton, 2003). This would lead to smaller peak SWR values during the day in the
eastern Atlantic compared to the western Atlantic and therefore smaller dSST values in
the east and larger dSST values in the west during this time. During boreal summer, the
ITCZ shifts north and produces greater cloudiness and rainfall in the eastern Atlantic
around 8°N (Chiang et al., 2002). Also during this time intense heating of the Sahara
creates a meridional gradient in pressure with a heat low over the Sahara and a high
pressure system to the south over the Gulf of Guinea producing a shallow westerly
monsoon flow in the eastern Atlantic (Carlson, 1969). Maximum wind speeds from this
westerly jet can exceed 7 m s-1 (Grodsky et al., 2003). So, the combination of stronger
monsoon flow over the eastern Atlantic and decreased SWR values over this region due
to the ITCZ, creates smaller dSST values in the eastern Atlantic than those found in the
western Atlantic.
In the Indian Ocean, for mode 3, and the Pacific Ocean, for mode 2, positive
coefficients dominate in the first half of the year and negative coefficients occur around
the latter half of the year. This shows that dSST values around the first (last) six months

57

are above (below) average in the east and below (above) average in the west. These
seasonal variable patterns of dSST display the same variability of longer interannual
variations in SSTs found in each of these basins, namely the newly discovered Indian
Ocean Dipole (IOD) (Saji et al., 1999) in the tropical Indian Ocean and ENSO in the
tropical Pacific.
The IOD is an anomaly with cooler than average SSTs in the eastern Indian
Ocean off the west coast of Sumatra and warmer than average SSTs in the western Indian
Ocean (Saji et al., 1999). This pattern pertains to the positive phase of the IOD and the
warmer waters over the west Indian Ocean brings convection and precipitation to this
region (Figure 4.28a) The reverse pattern is true for the negative phase of the IOD and
therefore greater convection and precipitation forms over the warmer waters of the
eastern Indian Ocean (Figure 4.28b). The IOD tends to have a biennial tendency tied to
monsoon-ocean feedback (Wang et al., 2003). A strong positive IOD event occurred
during 1997; however this shows no influence in interannual changes in the seasonal
variability of the dipole in dSST when compared to its time series for mode 3 in the
Indian Ocean.
This is not the case in the Pacific, where the overlying ENSO pattern does show
some influence on mode 2 for this region. Examination of the time series for this mode
shows that comparing the December 1997-March 1998 (El Niño) period to the December
1998-March 1999 (La Niña) period that the negative coefficients during this period have
a higher magnitude in the La Niña period. This is also true for the La Niña event from
December 1999-March 2000. This means that during the La Niña years greater above
average dSST values are observed in the eastern Pacific and greater below average dSST
values occurs in the western Pacific compared to the El Niño period. This opposite trend
in dSST compared to SSTs for ENSO was exactly what was observed in the average files
examined earlier and was due to variations in the average peak SWR and daily averaged
wind speeds. Implications of this pattern are discussed in more detail in Chapter 5.
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c. Noise and Five Day Average EOFs

Mode 2 from the Atlantic and mode 3 from the Pacific show very “noisy” time
coefficients associated with their principal component time series with more difficult to
determine trends from the 3 monthly running means. Also, the spatial distributions of
weights in these modes do not show a clear pattern. Barnett (1997) classified some
patterns obtained from taking an EOF analysis of the Pacific trade wind field to be
“noise” in the first three modes of the u component. He commented that this “noise” is
due to variations in the wind field dominated by bimonthly or shorter period timescales
than variations found interannually. So, although these two “noisy” modes may play a
role in the variation of dSST in the tropics, the fluctuations are on a smaller timescale
where a climatic pattern, which is the focus of the paper, can not be determined.
Since most of the principal component time series for all modes in each ocean
basin tend to be quite noisy due to high daily variations in the data, a five day average of
the dSST files was created to see if the same spatial patterns and time series would result
when an EOF analysis was performed. Figure 4.29 shows an example of this five day
average EOF, with the mode 1 spatial pattern and corresponding principal component
time series for the Atlantic Ocean. These figures show the same variability as found for
the Atlantic when daily files were used in the EOF analysis (Figures 4.19a and 4.20a). In
this example and for all of the first three modes for each tropical ocean basin, the spatial
patterns are almost exactly the same; however there has been a reduction in the noisiness
with the five day average time series. The five day average gets rid of the high variability
seen day to day in dSST and therefore reduces the more frequent jumps in time
coefficients seen in the time series of the EOF analysis performed with daily files. This
is also visible by examining the variances accounted for each mode from the five day
average EOF analysis in each basin (Table 4.5).

All of the percentages increased,

showing that the modes can explain more of the variability in the dSST data than the raw
data.
These results indicate that the patterns discussed previously are indicative of
large-scale variability. These results also indicate that there are many shorter and more
regional modes of variability that could be evaluated. Although past the scope of this
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work, an analysis of such variability on time scales such as the MJO in the Indian and
Pacific Oceans could continue to provide useful information.
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(a)

(b)

Figure 4.28. Positive (a) and negative phase (b) of the IOD. Red (blue) shadings are
areas of warm (cold) SSTs. Images from http://www.jamstec.go.jp/frsgc/research/d1/iod/
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(b)
Figure 4.29. Five day average dSST EOF spatial pattern (a) and principal component
time series (b) for mode 1 in the tropical Atlantic Ocean.
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Table 4.5. Variances accounted for by each mode and cumulative percentage for the first
three modes of the five day average dSST EOF analysis for each tropical ocean basin.

Tropical Ocean Basin
Atlantic
Indian
Pacific

Mode 1
22.3%
26.2%
15.1%
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Mode2
8.8%
10.9%
8.2%

Mode3
5.9%
5.8%
5.1%

Cumulative
37.0%
42.9%
28.4%

CHAPTER 5

IMPLICATIONS OF DIURNAL WARMING IN THE TROPICAL PACIFIC

In this chapter we will explore the implications of diurnal warming by taking a
closer look at mode 2 of dSST in the tropical Pacific. As a reminder the spatial pattern in
mode 2 (Figure 4.23b) shows a dipole pattern of weights that when compared with its
principal component time series (Figure 4.24b) varies on an annual cycle. This cycle is
very similar to that found with ENSO and SSTs; however ENSO varies on a biennial
timescale. It was found in Chapter 4 that for the El Niño of 1997 during the months from
December 1997-March 1998, there were smaller above average dSST values in the
eastern Pacific and smaller below average dSST values in the western Pacific compared
to the December 1998-March 1999 and December 1999-March 2000 La Niña periods.
This indicates that during the La Niña periods there was increased diurnal warming in the
eastern Pacific and decreased diurnal warming in the western Pacific then during the El
Niño period. Average SSTs during La Niña act in the opposite fashion, with cooler SSTs
in the eastern Pacific and warmer SSTs in the western Pacific. The cooler SSTs are
easily seen in the eastern Pacific from average predawn SST images for December 1997
(Figure 5.1) and December 1998 (Figure 5.2), with the pattern of warmer SSTs in the
western Pacific a little more difficult to determine.
TAO/TRITON temperature profiles over the eastern (0°N, 125°W) and western
Pacific (0°N, 156°E) are shown in Figure 5.3. These profiles are three month averages
for the month of December for 1997 and December of 1998. The warming near the
surface between the western Pacific for the La Niña of 1998 and the El Niño of 1997 is
not as noticeable as the warming seen at deeper depths. A maximum difference around
8°C can be found at a depth of 125 m. In the eastern Pacific the SST for 1998 is about
7°C cooler than the SST during 1997. The warmer waters of El Niño in the eastern
Pacific continue down to 150 m depth with a maximum difference at 120 m around 13°C.
An important question regarding these profiles is whether the different
temperature profiles have an influence on diurnal warming seen with varying wind
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Figure 5.2. Average pre-dawn SST values for December 1998.

Figure 5.1. Average pre-dawn SST values for December 1997.

(a)

(b)

Figure 5.3. Three month average ocean temperature profiles centered over December
1998 and 1999 for the western (a) and eastern (b) Pacific Ocean.

Figure 5.4. Model results of dSST values for separate buoy locations with different
temperature and salinity profiles under varying wind speeds and peak SWR .
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speeds and peak SWR values. The temperature profiles from the different years and
different locations were run through a one-dimensional ocean model developed by
Kantha and Clayson (1994). This model was used for the original derivation of the dSST
parameterization in Webster et al. (1996).

Average ocean salinity profiles for the

different times and sites were also downloaded from the TAO website and used in the
ocean model.

If a salinity profile could not be found for a certain buoy than a

climatological salinity profile was determined from the corresponding ocean temperature
profile. The model of Kantha and Clayson (1994) is a second turbulence closure model
that has inclusion of wave breaking turbulence and Langmuir circulations. It also uses
the skin model of Schluessal et al. (1997). The ocean profiles were used to initialize the
model, and simulations were performed for four days with varying values of daily
averaged wind speed and maximum SWR. Wind speeds were ramped up during the first
day, while peak SWR was held constant throughout the training period and all results
from the model are shown from the fourth day. Figure 5.4 shows the results of the
different model runs showing diurnal warming values (y-axis) for each separate buoy
location and corresponding ENSO years (colored symbols). Maximum SWR varies on
the x-axis with different daily averaged wind speed groups labeled on the right.

It is

immediately evident that for the same value of peak SWR and wind speed there is no real
discernable difference in the diurnal warming between the different locations and
between the different oceanic profiles observed at each individual site over the ENSO
periods. This confirms that it is not the underlying ocean characteristics that influence
the diurnal warming observed at the skin SST, but changes in surface fluxes that drive
this diurnal variability. Thus changes in the various regions as shown in the data set are
not biased toward one initial ocean structure or another.
The underlying ocean characteristics may not play a role in determining diurnal
warming of the skin SST. However, the diurnal warming can influence mixing in the
upper ocean, impacting entrainment cooling. As diurnal warming of SST increases, the
temperature profile near the surface becomes more stable and reduces mixing in the
surface layer. This reduction in mixing inhibits the entrainment of the cooler water
below to mix with the warmer water near the surface and therefore reduces entrainment
cooling. So, larger (smaller) values of dSST indicate decreased (increased) entrainment
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cooling. Using this knowledge and looking back at the dSST characteristics for the El
Niño of 1997 and La Niña of 1998/1999 in the eastern equatorial Pacific, there would be
increased (decreased) entrainment cooling in this region during the El Niño (La Niña)
event. So, this implies that the diurnal characteristics of the skin SST are working against
the long term average cooling (warming) associated with La Niña (El Niño) events found
during the period studied.
However, it is likely that the strength and depth of the seasonal thermocline may
influence entrainment cooling. To evaluate this effect, the four different profiles from
Figure 5.3 were used to initialize the Kantha and Clayson (1994) ocean model with
different wind speeds and peak SWR values.

These model simulations were then

evaluated to analyze deepening of the mixed layer and entrainment cooling. In Figure 5.5
the results from these simulations are displayed. Initial mixed layer depth (MLD) for the
buoy temperature profile based on its location and ENSO period is displayed on the right
hand side (different colored lines) with colors corresponding to the profile with the same
colored symbol at top right. The regions of the east Pacific during La Niña (125°W,
1998) and west Pacific during El Niño (156°E, 1997) have shallower seasonal
thermoclines and therefore a smaller initial MLD. Their respective MLD values are
around 18 and 21 m. Deeper MLD initial values can be found in the east Pacific during
El Niño (125°W, 1997) around 38 m and west Pacific during La Niña (156°E, 1998)
around 55 m. Wind speed groups are the same as those found for Figure 5.4. Also, the
six different dSST values for each buoy at a particular wind speed correspond to
increasing peak SWR values ranging from 0-1000 W m-2, every 200 W m-2.
At wind speeds of 0.1 m s-1 there is no influence of dSST on MLD between the
profiles, since the wind at this speed is not strong enough to induce mixing. At 1.0 m s-1
the wind mixing starts to play a role in the MLD. At higher dSST values there is greater
stabilization at the ocean surface (Figure 5.6) and thus there is less energy for mixing
down to a greater MLD. However, as the dSST value decreases (decreasing stabilization
at the surface) the winds can begin to mix down to greater depths. For this wind speed,
the greatest MLD range observed for dSST values between 0°C and 2.8°C is over 10 m.
Separation between the different profiles displaying different MLD values occurs at the
dSST value of 0°C. The largest separation of MLD for this wind speed is around 6 m,
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which occurs between the profiles for the west Pacific and east Pacific during La Niña.
In this circumstance there is no stabilization due to diurnal warming and therefore
profiles can begin to mix down to their initial MLD. Separation between the profiles and
decreasing MLD values due to increasing dSST continues for wind speeds of 4.0 m s-1
and 6.0 m s-1. The extent to which maximum dSST values are observed decrease with
increasing wind speed, since larger wind speeds decrease the value of dSST that can be
obtained. At 10 m s-1, the winds have mixed all profiles beyond their initial MLD and
larger separation between the profiles occur with the shallower initial MLD profiles
showing lower MLD values. This is due to the fact that these profiles have a more stable
structure due to their shallower seasonal thermoclines compared to the profiles with
deeper initial MLD values. Therefore, it is much more difficult for the winds to continue
mixing to deeper depths in those profiles with a shallower seasonal thermocline.
Figure 5.7 compares the diurnal warming during the daytime to the cooling that
happens the following night for the four different buoy profiles in Figure 5.3. The dSST
value is along the x-axis and the dSST value minus the amount of cooling experienced
the following night is observed along the y-axis. The scatterplot contains all influences
of wind speed and peak SWR values used in Figure 5.5. For all values below the red line
there is more cooling the next night than warming during the day. Notice that no dSST
values greater than 0.5° for all buoy profiles show cooling that exceeds warming. For
these mean states, and this range of winds, diurnal mixed layers with greater than roughly
0.5°C surface warming simply stabilized the upper ocean enough to prevent local
entrainment cooling. This also shows that dSST is a proxy for stabilization in the upper
ocean. It is also interesting to mention that most points that do show more cooling at
night from the warming of the day before are from those profiles that initially had a
shallower MLD. This is due to the fact that these profiles have a shallower seasonal
thermocline. When the dSST is less than 0.5°C the MLD is increased enough at night
such that more entrainment cooling can occur, because they are getting deep enough to
entrain the colder water from below the shallow seasonal thermocline. Higher dSST
values (greater than 0.5°C) can keep this entrainment cooling from happening. So,
overall results show that the more diurnal warming is observed in a day, the shallower the
MLD at night.
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Figure 5.5. Influence of dSST on MLD for different wind speeds and ocean temperature
profiles.
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(a)

(b)
Figure 5.6. Model simulation of ocean temperature profiles run with varying peak SWR
for (a) 10 m s-1 and (b) 2 m s-1. Higher dSST values lead to greater stabilization at the
surface.
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Figure 5.7. Scatterplot of dSST values (x-axis) compared to the dSST value observed
and subtracting the cooling observed the following night (y-axis). All values below the
red line indicate that the cooling exceeds the warming from the previous day.
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The results from Figure 5.7 provide support for the statements made earlier about
entrainment cooling variability over the El Niño and La Niña periods related to dSST. In
mode 2 for the tropical Pacific dSST, time coefficients are on average close to -0.1°C for
the La Niña periods of December 1998-March 1999 and December 1999-March 2000.
During the El Niño from December 1997-March 1998, time coefficients are on average
around -0.04°C. This gives above average values up to 0.30°C in dSST in the eastern
equatorial Pacific for the La Niña periods and 0.12°C for the El Niño period when
compared to the mode 2 spatial pattern. Average values in the equatorial eastern Pacific
are around 0.7-0.8°C for the entire period examined, so these dSST values are above the
roughly 0.5°C cutoff in dSST to where entrainment cooling does not occur. During the
El Niño period some short time-scale periods do show dSST values decreased below
0.5°C, and therefore chances for entrainment cooling increase with this situation. So,
these results support the supposition that for a La Niña in the eastern equatorial Pacific
the diurnal warming is on average damping out entrainment cooling. Cooling viewed
during the La Niña periods in this study therefore are not due to the entrainment cooling,
but must come from other oceanic processes such as upwelling, advection, or increased
surface heat flux loss. Lack of entrainment cooling due to higher dSST values during La
Niña in the eastern equatorial Pacific damps the long term average cooling of SSTs.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

Resolving diurnal variability of ocean surface characteristics has been
increasingly sought after to improve global climate models and to better understand their
influence on air-sea interactions. A parameterization was developed by Webster et al.
(1996) to use peak SWR, daily averaged wind speed, and cumulative amount of daily
precipitation to model the diurnal warming of skin SSTs. This equation was utilized in
the global tropics from 1996-2000 using satellite-derived SWR from ISCCP and wind
speed values from SSM/I data. Precipitation values were not yet available and were
found to play a smaller role in diurnal warming so they were not used in this study. Daily
files of diurnal warming were created at a spatial resolution of 0.25° longitude x 0.25°
latitude.
The goal of this study was to examine the large-scale variability of diurnal
warming throughout the global tropics for the five year period using the satellite-derived
values of diurnal warming, referred to as dSST. To make sure these values were reliable
and showed a true measure of diurnal warming, comparisons between satellite-derived
and observed diurnal warming from buoy data were conducted. The buoy data was
collected from the TAO/TRITON array in the Pacific Ocean and PIRATA array in the
Atlantic Ocean. The variability in dSST was examined by taking averages of the data
over different time periods and also observing the average characteristics of peak SWR
and wind speed values. Also, an EOF analysis was conducted to examine the space and
time variability of dSST patterns in the tropical Atlantic, Indian, and Pacific Oceans.
Further investigation was conducted in the tropical Pacific Ocean to see what role
underlying ocean characteristics have on diurnal warming and what impacts the diurnal
range plays on MLD and entrainment cooling.
Results from the comparisons showed an overall correlation of 0.74 and a small
average bias of -0.002°C between diurnal range measurements from the buoy and
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satellite-derived values. Closer examination of biases between the peak SWR and daily
averaged wind speed measured from satellite-derived and buoy data shows large
underestimations in maximum SWR from the satellite data. These underestimations were
found to be largely due to missing the peak SWR by the 3-hourly satellite data.
Improvements can be made in the dSST measurements by increasing this resolution so
that a better estimation of the peak SWR can be found. From these findings it is therefore
possible that the satellite-derived dSST may slightly underestimate the true diurnal
warming of the skin SST.
Average dSST values over the entire period showed diurnal range values up to
1°C in the tropics. The influence of peak SWR variability tended to play a smaller role in
the dSST average variability due to the fact that on average the peak SWR does not vary
as much as the average wind speeds. Features such as the average placement of the ITCZ
and orographic effects were found to influence diurnal warming values.

Average

seasonal differences of dSST were found between January and July for the northern and
southern hemispheres in the tropical Atlantic and Pacific. However, this pattern was not
as apparent in the Indian Ocean, with similar dSST values found throughout the basin for
a particular season. Noticeable interannual variability was hard to find from comparing
average dSST values for each year studied, however in the eastern equatorial Pacific
during the 1997 El Niño, there was a reduction in dSST values observed. This was due to
increased wind speeds in this area during this period and decreased peak SWR values.
The 1998 La Niña showed on average lower wind speeds and increased peak SWR in the
eastern Pacific, which lead to higher dSST values compared to the average over the entire
period studied.
An EOF analysis on dSST values in each separate tropical ocean basin shows
modes that account for small percentages of variability in the data. This is due to the fact
that the analysis is over large areas and high resolution spatial and temporal scales where
there is much variation in dSST. The high variation is a result of the variation in both the
wind speed and peak SWR that can occur on small time and space scales. Mode 1 for all
ocean basins showed the seasonal variability observed from the average January and June
files. For the Atlantic and Pacific during the boreal summer (winter), above (below)
average dSST values occur in the NH and below (above) average dSST values are found
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in the SH. This annual cycle is due to the yearly cycle of SWR. The entire Indian Ocean
(NH and SH) has an annual cycle in mode 1 as well and tends to have below (above)
average dSST values during the boreal summer (winter).

This is due to increased

convection that occurs during the summer monsoon in this region and strong winds from
the low-level cross equatorial jet during the boreal summer. Mode 2 in the Indian Ocean
shows the same spatial pattern variability as mode 1 in the Atlantic and Pacific, so the
annual cycle of SWR explains some of the variability in dSST in this basin as well.
East-West dipole weight structures appear in the spatial patterns for mode 2 in the
Pacific and mode 3 for the Atlantic and Indian Ocean. All patterns in these modes have
some seasonally varying characteristics. The Atlantic dSST dipole is due to changes in
the West African monsoon and the seasonal placement of the ITCZ. The dipole in the
Indian and Pacific Oceans resemble the biennial patterns of the IOD and ENSO
respectively with above (below) average dSST values for the east (west) ocean basin
during the first half of the year and below (above) average dSST values for the west
(east) part of the basin. The annual cycle of the dipole pattern in mode 2 for the Pacific
showed interannual differences confirming the results found from the average dSST files
for each year; mainly an increase in above average (higher) diurnal warming for the east
Pacific during the La Niña periods of 1998 and 1999 compared to the El Niño of 1997.
Examination of the influence between dSST and the underlying ocean
characteristics were inspired by mode 2 of the Pacific.

Using different average

temperature profiles in the east and west equatorial Pacific Ocean for peak El Niño and
La Niña periods and running them through an ocean model, it was found that the dSST
value observed did not differ for the different temperature profiles when the same daily
averaged wind speed and peak SWR value was used. This shows that the underlying
ocean characteristics at a single point do not influence the diurnal warming found at the
skin SST, but it is the surface fluxes that change the diurnal range. The profiles were also
used in the ocean model to determine effects dSST has on MLD. The model shows
expected results that the higher the dSST, the stronger the stability near the surface and
therefore a smaller MLD the following morning. Increased winds create greater mixing
and increase the MLD and if a profile has a shallower seasonal thermocline it becomes
more difficult to increase the MLD at higher wind speeds. It was also found from model
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results that entrainment cooling occurs more frequently for dSST values less than 0.5°C
and for temperature profiles that display shallower seasonal thermoclines. This shows
that dSST is a proxy for stabilizing the upper ocean and the greater the diurnal warming
observed in a day, the shallower the ML for the following night. Since the DecemberMarch period of 1997 El Niño shows smaller above average dSST values than those
observed for the 1998 and 1999 La Niña periods in the eastern equatorial Pacific,
entrainment cooling is less likely to occur in this region for the La Niña periods. This
states it is unlikely that local mixing and entrainment cooling is contributing to the long
term cooling of SSTs in this region during the La Niña periods observed and that the
increased dSST values in this region act against the cooling effects viewed in SSTs
during La Niña.

6.2 Future Work

There is indeed much more work that can be done on examining the seasonal and
interannual variability of dSST. This work looks at variability in the tropics but could
easily be expanded for studying global patterns of dSST. Also, precipitation data could
be used in the dSST parameterization to investigate how these values change the dSST
variability observed in the tropics. It would be useful to expand the years studied to
include more ENSO periods to see if the patterns found for the El Niño and La Niña of
this study hold true for others.

An EOF analysis of smaller regions where dSST

variability was found to be high could help with further explanation of the patterns that
occur there. In addition, the dSST data shows evidence of smaller time-scale variability
over more regional areas.

Further work could examine the diurnal SST variability

associated with MJO’s, monsoon breaks, 2-3 day convective variability, and other
processes. Finally, the work on entrainment cooling could be continued by evaluating
other locations and times, and determining whether some parameterization similar to the
dSST could be determined.
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