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A good understanding of diurnal warming phenomenon is important for satellite sea
surface temperature (SST) validation against in-situ buoy data and satellite data merging.
For the coastal region, it also helps to improve the satellite data application to predict
ecosystem health such as coral reef bleaching. Compared to its open ocean counterparts
that have been studied extensively and modeled with good success, coastal diurnal
warming is rarely studied. This study summarizes one of the first studies which attempts
to study the coastal diurnal warming comprehensively, considering many aspects of
coastal characteristics, including the influence of tidal impacts and geographic locations,
using an integrated approach including in-situ data analysis, modeling and satellite SST
analysis.

First, two in-situ datasets at the Caribbean Sea and at the Great Barrier Reef region were
studied. We found that most stations have clear diurnal warming signals at sub-surface
depths. Similar to open ocean cases, the warming is influenced by wind and insolation.
Coastal tidal impact on warming was quantified and found to be limited. Water depths,
station reef types, and relative locations of the station to the barrier reef chain in the east-
west direction were found to affect the warming significantly. Second, three one-
dimensional diurnal warming models are used for simulation. The simple “box model”

predicts the warming amplitudes best during strong and intermediate(>5 ms™) wind



speeds while the POSH (Profiles of Ocean Surface Heating) model predicts the low wind
warming best, though the modeled heat does not penetrate sufficiently downward.
Finally, coastal SST from polar-orbiting and geostationary satellites are tested.
Comparing SST against in-situ data yielded bias of < 0.15K, and standard deviations of
between 0.56K and 0.74K, similar or better than previous studies. Geostationary data
captures diurnal warming well both in amplitudes and timing, while polar data captures

the warming with various degree of success.
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Chapter 1 Introduction

1.1 Study focus and motivation

Ocean diurnal warming refers to the phenomenon where the upper few meters of the
ocean heat up daily due to the absorption of solar radiation. Since the top Sm of the ocean
absorbs about 60% of the incoming solar radiation (Fairall et al., 1996), the near-surface
water tends to warm up more than the layers beneath. The precise distribution of the heat
content, i.e., the shape of the vertical temperature profile, depends primarily on the
strength of upper ocean mixing. Diurnal warming related error is one of the largest
potential absolute contributor to the SST uncertainty budget (up to O (1K)), albeit only at
specific times (near local noon) and specific environmental conditions (low wind speeds).
Thus an accurate quantification of the diurnal warming amplitude and vertical structure is
important for merging satellite sea surface temperature (SST) data taken at different times
of day, for more accurate surface SST retrieval and validation against buoy data taken at
certain depths (Gentemann et al., 2004), as well as for correctly calculating air-sea heat
flux (Fairall et al., 1996).

This study is concerned with the diurnal warming in shallow coastal waters. Shallow
coastal waters refer to locations adjacent to land, with a water depth ranging from a few
meters to up to 30 meters, a depth comparable to the diurnal warming layer found in
studies of diurnal heating in the open ocean.

Diurnal warming in coastal shallow waters is of interest for a number of reasons. First,
for satellite measurements of SST at the coastal regions, only those from infrared
radiometers can be used due to side-lobe contamination in the microwave radiometer

measurements. Since infrared measurements are vulnerable to cloud contamination,



merging multiple SST measurements taken from satellites with different overpass times
is needed to reduce data loss from clouds. Knowledge of the coastal SST diurnal
variation is essential for such data merging. Second, deep ocean diurnal warming has
been studied extensively in recent years, with the development of physical and empirical
modeling tools. Thus, extending the research towards more complex coastal cases, and
studying the similarities and differences of the two is a natural next step. Finally,
understanding coastal diurnal warming could help improve the coral reef bleaching
prediction by understanding coral depth daily heating signals and gauging short-term

thermal stress on the corals.

1.2 Study materials and structure of the dissertation

The coastal diurnal warming is studied using an integrated approach including in-situ
data analysis, satellite SST analysis and modeling. For in-situ temperature data, two in-
situ datasets at the Caribbean Sea and at the Great Barrier Reef (GBR) region off
northeast Australia are used. The Caribbean Sea datasets have the in-situ wind and light
measurements along with temperature profile data at 4 stations, thus it is a good dataset
for detailed warming physics study. On the other hand, GBR bottom temperature datasets
include over 60 stations throughout GBR for our studying period, thus provide a good
dataset to study spatial distribution and characteristics of the warming. For modeling
study, we used three one-dimensional models, including two diurnal warming models and
a simple bulk heat budget model to study the diurnal warming at a sample station at
Caribbean datasets. The model performances at the shallow water site are evaluated, and
possible ways to improvement are tested. For satellite data, SST data is obtained from

five polar orbiting infrared instruments (AVHRR on NOAA17, 18 and 19, MODIS on



Aqua and Terra) and also hourly SST data from geostationary satellite MTSAT, and
study region is the Great Barrier Reef region.

The structure of the dissertation is as follows: Chapter 2 describes the background of this
study. It includes descriptions on previous studies and findings from ocean diurnal
warming, limited research on coastal shallow water warming, as well as the motivation to
study the coastal diurnal warming to aid coral reef bleaching research. Chapter 3
describes the diurnal warming amplitudes, timing, seasonality and the relationship with
environmental forcing of the all four Caribbean stations. Chapter 4 concentrates on Little
Cayman, one of the Caribbean stations with most vertical temperature measurements.
Detailed investigations of diurnal warming dependences are conducted by looking into
individual day case studies, as well as summarizing the accumulative and instantaneous
impacts of various forcing. In Chapter 5, Great Barrier Reef dataset is studied. Taking
advantage of the fact that there are over 60 stations in our study periods and they span a
large geographic area with very different environmental characteristics, the emphasis is to
study the impacts of the locations and bathymetry features on diurnal warming
characteristics in a statistically sufficient way. In Chapter 6 and 7, we investigate how the
one-dimensional heat budget and diurnal warming models simulate the daily warming
processes at Little Cayman. Chapter 6 describes the details of the models being used and
some of the coastal specific physical processes related to shallow water warming, while
chapter 7 describes the comparison results with the in-situ data, the merits and limitations
of those models, as well as propose some ways to adapt them to coastal shallow water
diurnal warming. In Chapter 8, we investigate the usage of satellite sea surface

temperature (SST) for shallow coastal locations to study coastal diurnal warming. The



data are first validated with the in-situ station measurements. Then we explore whether
diurnal warming signals in the SST exist for different stations, as well as their amplitudes

and dependences



Chapter 2 Background

2.1 Past studies on ocean diurnal warming

The daily warming of the upper ocean has been a focus of research in recent years. Large
diurnal SST variations have been recorded, and areas prone to intense heating have been
identified, thanks to the availability of global satellite SST coverage (Gentemann and
Minnett 2008, Gentemann et al. 2003, Gentemann et al. 2004, Gentemann et al. 2008,
Merchant et al. 2008, Qiu et al. 2009), as well as the ability to measure the warming close
to the water surface using both autonomous vertical profilers (Soloviev and Lukas 1997,
Ward 2006) and ship-mounted infrared spectroradiometers (Gentemann and Minnett
2008). The largest reported warming reached around 7K at extra-tropical regions
(Flament et al. 1994, Gentemann et al. 2008), and surface temperature deviations greater
than 3K are not uncommon (Yokoyama, Tanba and Souma 1995, Minnett 2003), though
on average surface warming amplitude from measurements is modest [O(0.1 K)]. The
daily shape of the surface and subsurface warming and its dependence on environmental
forcing including wind and insolation has been documented (Gentemann et al 2003,
Stuart-Menteth et al 2005). Moreover, it is realized that the warming has a vertical profile
shape influenced dramatically by wind speed (Soloviev and Lukas 1997, Ward and
Minnett 2001, Ward 2006, Gentemann et al. 2009), thus when reporting the diurnal
warming, it is crucially important to report the measuring depth and recognize the depth
genre, whether it is ‘skin’, ‘subskin’ or ‘subsurface temperature’ (Donlon et al. 2002,

Donlon et al. 2007, See Figure 2.1).
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Figure 2.1 Idealized temperature profiles of the near surface layer (~10m) of the ocean
during (a) night time as well as day time during strong wind conditions and b) daytime
during low wind and sunny conditions. The diurnal warm layer is located below the
molecular cool layer, ranging from 1mm to tens of meters under the water surface. The
plot is from Fig.1 in Donlon et al 2002.

In the recent studies of diurnal warming phenomenon, many numerical models were
developed. Many models are ‘regression-based’ types, which provide an empirical
formula with coefficients derived from analytical results of in-situ or satellite data (e.g.
Webster, Clayson and Curry 1996, Kawai and Kawamura 2002, Kawai and Kawamura
2003, Gentemann et al. 2003, Stuart-Menteth et al 2005). While these models are simple
to implement and computationally economical, they are based on and limited by the
datasets and regions they study, often making them difficult to apply to other datasets and
regions with good accuracy. On the other hand, general physics-based one-dimensional
models employing turbulence closure or a detailed modeling of turbulence diffusion and

mixing (Kantha and Clayson 1994, Price, Weller and Pinkel 1986, Kondo et al 1979) are



most physical, but often require comprehensive measurement data and are
computationally expensive. Alternatively, a genre of models which combines the physical
elements of the mixing as well as some predetermined empirical properties such as
shapes of the warming are shown to capture the warming characteristics well and
efficiently, thus are widely used (Fairall et al. 1996a, Gentemann et al. 2009, Zeng and
Beljaars 2005). For instance, the model from Gentemann et al (2009), a simplified
version of the Price, Weller and Pinkel (1986) model and an improved version to the
widely used Fairall et al (1996) model, assumes an exponential profile determined by
wind speed. It was shown to capture the large warming amplitudes better, also simulate
the afternoon cooling better than most other models. Also, Zeng and Beljaars (2005)
model calculated the eddy diffusion coefficients in the surface layer using Monin-
Obukhov similarity theory, and calculate the warming in a conservative fashion assuming
a 3 meter depth warm layer. This diurnal warming scheme is implemented into ECMWF
(European Centre for Medium-Range Weather Forecasts) model. For our study, we
utilize the model schemes from both Gentemann et al (2009) and Zeng and Beljaars

(2005)
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Figure 2.2 Sample SST maps showing diurnal warming observed by infrared and
microwave radiometers onboard satellites, and corresponding wind map. The plot is from

Gentemann et al 2008.

2.2 Shallow coastal diurnal warming studies

So far, most diurnal studies either took place far from the coastline, or made a deliberate

effort to eliminate coastal data to avoid the complex coastal dynamics (Merchant et al

2008). A few studies have examined the diurnal warming at seas or coastal regions



(Bohm et al., 1991; Kawai et al., 2006); however water depths of the study locations are
over 50 m, a depth far exceeding the diurnal warming layer depth. As such, the effects of
bottom and local bathymetry could be viewed as negligible and coastal characteristics
were not assessed. A relevant paper on coastal diurnal warming is by Kaplan et al (2003),
where the authors examined in-situ temperature measurements from moorings located at
20 to 30 m depth at two offshore locations in Chile. The authors reported several coastal
characteristics including tide and sea breeze effects on the diurnal warming near the
coast, in addition to the influence of wind and insolation. Due to the limited number of
locations however, that study was not able to examine other coastal characteristics such
as bathymetry and the effects of shoreline geometry, or to summarize the tidal effect in a

statistical fashion.

2.3 Possible application: improving coral reef bleaching prediction

Coral bleaching is a generalized stress response in corals but occurs predominantly when
temperature reaches an intolerable level, resulting in corals losing their symbiotic algae
and turning pale to white. Mass coral bleaching events have occurred in recent years and
have been closely monitored using satellite SST data (Berkelmans et al., 2004;
Berkelmans and Oliver, 1999). Current coral bleaching monitoring and prediction
products based on satellite measurements, such as bleaching HotSpots and Degree
Heating Week (DHW) focus on the harmful effect of long-term (12 weeks, bi-weekly
data) SST anomalies based on night time SST (Strong et al., 2004).

However, recent studies have suggested the cell death within the coral symbiosis occurs
much more rapidly (minutes to hours) than previous thought, especially during high

temperature events (Dunn et al., 2004), whereas other studies have found that daily



10

maximum temperatures correspond better to bleaching events than night temperature
(Berkelmans et al., 2004; McClanahan et al., 2007). Both point to a possible link between
coral bleaching and daily temperature variation at the shallow depths where corals are
located. Thus a better understanding of coastal shallow water diurnal warming, both its
amplitude and vertical structure is needed so that the surface measurements can be
extended in a physically reasonable manner to the depths of the corals. This could

improve coral bleaching prediction and monitoring.



Chapter 3 Diurnal warming signals at the Caribbean dataset
In this chapter, we describe the first in-situ dataset we use to study the diurnal warming:
the Caribbean dataset. The Caribbean dataset includes temperature measurements at
multiple depths with co-located weather and light measurements at four locations. We
first describe the study locations, physical environments and instrument setup of the
dataset. Then we look for diurnal warming signals both in the water temperature time
series and in temperature spectrum domain. The averaged daily temperature evolution,
diurnal warming statistics for each station as well as the seasonal changes of diurnal
warming are described.

We reserve the study of relationship between warming characteristics and environmental
forcing for next chapter. There our study will be concentrated on one of stations, where

the temporal and spatial resolution of the temperature data is highest.

3.1 Locations and local physical environment

The Caribbean dataset includes measurements from four locations: southwest Puerto Rico
(station ID LPPR), Little Cayman Island (station ID LCIY), St Croix in the U.S Virgin
islands (station ID SRVI), and Lee Stocking Island at Bahamas (station ID CMRC). The
stations belong to the National Oceanic and Atmospheric Administration (NOAA)’s
Integrated Coral Observing Network (ICON) program. All stations were located close to
the shore ( less than 300 m at SRVI, CMRC and LCIY, and less than 3000 m in LPPR
inside a bay). The station locations were chosen to be protected from dominant wind

direction to avoid being pounded by high seas (Jim Hendee, personal communication).
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Figure 3.1 Map of the locations of four Caribbean stations LPPR (17.939 °N, 67.052
°W), SRVI (17.784 ° N, 64.762 ° W) , LCIY (19.699 ° N, 80.06 °© W) and CMRC
(23.791 ° N, 76.139 °W) marked in blue dots.

The winds at the Caribbean sites are a combination of the dominant Easterly Trades and
diurnal sea breeze, which is a mesoscale phenomenon caused by the differential heating
between land and sea (Miller et al 2003). As a result, wind speeds have an obvious
diurnal cycle, with stronger wind during the daytime and weaker wind speed at night
(Figure 3.2) .The wind directions are mostly from the east, mostly between 30 to 120
degree at the Puerto Rico station (LPPR1) , Bahamas station (CMRC), and Little Cayman
station (LCIY?2), while the wind direction is mostly from 90 to 150 degree in the St Croix
station (SRVI). The wind pattern is similar to those found in this area, Caribbean
locations such as Puerto Rico (Altaii & Farrugia, 2003).

The Caribbean region has micro tidal ranges (Kjerfve 1981). Three of the stations we
study have tidal amplitudes of less than 0.4 m, while CMRC has somewhat larger tidal

range of 0.8 m (Figure 3.3). No currents measurements are available. However, tidal



currents are believed to be very weak due to the small tidal ranges and proximity to the
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shoreline, except when the location is close to a tidal inle, which is the case of the CRMC

station in Bahamas.
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Figure 3.2 Daily averaged wind speeds at four ICON stations using a year worth of data.

Error bar denotes the 95% confidence interval.
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Figure 3.3 A sample period of the tidal height at four ICON stations. X-axis shows year

day. For different stations, one year of data are from different years. LPPR1 is from 2009,
SRVI is from 2007, LCIY2 is from 2009 and CMRC3 is from 2006.

3.2 Instrument and data

For each station, a pylon was installed in about 7 m depth of water on sea bottom

categorized as ‘colonized pavement’ which is flat, low-relief, solid carbonate rock with
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coverage of algae and coral as the structure of the pylons require at least 20 m in diameter
of flat terrain for the installation of chains to brace the structure (Figure 3.4).

A variety of meteorological and oceanographic instruments are attached to the station
pylons above and under the water (Table 3.1). Above water measurements include wind
speed and direction, air temperature, air pressure, precipitation, relative humidity and
light with an hourly resolution. Light intensity is measured in 3 ultraviolet wavelength
bands and at visible wavelengths (PAR, photosynthetically active radiation). The broad
spectrum solar radiation can be calculated from PAR assuming visible radiation
represents a constant fraction (=0.4) of the total incoming radiation (Gill, 1982).
Underwater, hourly water temperatures and depth (pressure) variations were recorded by
CTD (Conductivity, Temperature, Depth Sensors) at a ‘shallow depth’ (1~2 m below the
water surface) and at a ‘deep’ depth (4 to 6 m). At LCIY station, only the ‘deep’ depth
was measured hourly by CTD. For February to September 2011, 6-minute resolution
water temperature and depth (pressure) measurements were available at three near-
surface depths (1.2 m, 1.5 m and 2 m) and a near-bottom depth (7.2 m) from four

additional loggers.
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Figure 3.4 A picture of station pylon at LPPR1 stations, the light and atmospheric
instruments are located on top at about 6.5 m height.

To study the diurnal warming phenomenon, one year of water temperature and
environmental data from each station were analyzed. To ensure there were minimal
missing data, measurements from different years were used (LCIY data from 2011, LPPR
data from 2009, SRVI data from 2007 and CMRC data from 2006). They also took
advantage of the measurements from the additional temperature logger at the LCIY

station from February to September in 2011.
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Measurement types | Instrument average
installation
depth

Surface light (UV and PAR) | Biospherical BIC2104R distance above
air temperature Campbell Scientific model107 | Mmean water
Vaisala WXT510 surface:
wind speed RM Young Models 05106, LPPRI: 6.5m
wind direction 32500 SRVIZ: 6.5m
Vaisala WXT 510 LCTY2: 7.3m
Relative humidity Vaisala WXT510 CMRC:6.5m
Barometric pressure | GE/Druck CS115
Vaisala WXT510
Precipitation Vaisala WXT510
Underwater, | Water temperature Falmouth NXIC-CTD Distance below
shallow Salinity mean water

Depth surface:

Light (UV and PAR) | Biospherical BIC2104U LPPRI:1m
SRVI2: 1.7m
LCIY2: none
CMRC:2.3m

Underwater, | Water temperature Falmouth NXIC-CTD Distance below
deep Salinity mean water

Depth surface:

Light (UV and PAR) | Biospherical BIC2104U LPPRI: Sm
SRVI2:5.3m
LCIY2: 4.6m
CMRC: 5m

Additional Water temperature, | Solinst Levelogger LCIY2: 1.3m,
loggers pressure Gold model No 3001 1.5m, 2m,
7.2m

Table 3.1 Instrumentation and types of measurements at Caribbean stations relevant for

our study.

3.3 Diurnal warming characteristics

This section is concerned with describing the overall shallow water diurnal warming

characteristics for all four stations.
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3.3.1 Sample temperature time series and the impact of tides in daily warming
Warming patterns from different stations are identified by presenting summer
temperature time series as well as temperature spectra. The CTD temperature
measurements at the LCIY station show a clear single-peak diurnal warming pattern with
an early morning temperature minimum and afternoon temperature maximum (Figure
3.5). The afternoon warming peak averaged about 0.5 K at this location. This single peak
warming pattern was very similar to those found in SRVI and LPPR stations in the
Caribbean data (not shown). The Bahamas CMRC station, however, has a double daily
temperature peak for about half of the days in the time series (Figure 3.5). The double
peak pattern in the temperature is related to tides, a significant contributor to temperature
changes in the coastal warming. It is often difficult to separate the tidal related warming
from that caused by the absorption of solar radiation when examining temperature time
series, as the solar heating cycle has similar length or is multiple times of tidal cycle
lengths. Spectrum analysis, on the other hand, can help tease these issues apart. We have
examined the spectra of insolation, tides and temperature measurements. In the insolation
spectra, solar radiation induced warming has the fundamental peak at 24-hour cycle as
well as harmonics at 12 hours, 6 hours, etc, since the shape is not a perfect sine wave (not
shown in plots). Tidal spectrum has many peaks, most of which are related to various
diurnal and semi-diurnal components (not shown in plots here). The major components
include principal lunar semidiurnal component M2 (period=12.42 hour), principal solar
semidiurnal component S2 (period=12 hour), larger lunar elliptic semidiurnal component
N2 (period=12.66 hour), lunar diurnal component K1 (period=23.93 hour) and lunar

diurnal component O1 (period=25.82 hour). The components with the largest amplitudes
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for both datasets is the principal lunar semidiurnal component M2, So if a station has
strong tidal influence, the M2 peak in the temperature spectra is very visible and can be
easily separated from nearby peaks. Thus its strength, referred to here as PSDyy; in the
temperature spectrum, is a good indicator of the tidal influence on the temperature.
Similarly, we use the PSD value at 24 hour period in the temperature spectrum, denoted
here as PSD,4, to represent the influence of insolation on temperature. In addition, the
relative strength of the M2 component versus the insolation component (PSDy/PSDa4) 1s
used here to quantify the relative importance ratio of tides versus solar heating on the
temperature at each location (Figure 3.5).

For the LCIY station, the temperature spectrum analysis shows a strong 24 hour cycle
(PSD,4 = 31.67K-Hz™") and a weak M2 component (PSDyp= 0.03 K-Hz), so the relative
influence of tide versus insolation is only 0.11 %. This strong solar driven warming
pattern could be enhanced by the effects of the local shoreline geometry and
environmental features. The Little Cayman station is located offshore a small island with
very calm water and is also protected from the dominant wind direction. The Bahamas
station CMRC on the other hand, has a larger tidal influence. In the spectrum analysis,
PSDy> = 169.57 K-Hz'', and is greater than the PSD., (145.97 K-Hz™"). This is because
CMRC is located along an island chain, very close to a tidal inlet between two small
islands. Previous studies conducted in the region have recorded very strong tidal currents
in the tidal inlets at the Lee Stocking Island area where CMRC were located (Thorrold et

al., 1994; Vogel et al., 2000).
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Figure 3.5 Sample temperature time series (left panels) and temperature spectra (right
panels) for LCIY station and CMRC station from the hourly mid-water temperature
measured by CTD. The grey circles in the spectra denote the power spectral density
(PSD) at M2 frequency (12.42 hr/cycle) and 24hr cycle, the temperature spectrum were
calculated based on 1-year hourly data for Caribbean stations The power spectral density
peaks are not averaged.

3.3.2 Average daily temperature evolution, vertical temperature structure pattern
In this section, sample average daily evolutions are shown by binning the temperature
measurements according to the station local time. For the stations in the Caribbean
dataset, measurements were co-located with different measurement depths, thus the
temperatures measured at the shallower depths were always higher than (stratified
vertically) or equal to (well mixed vertically) temperatures measured at deeper depths.
For the Little Cayman station, St Croix station (not shown) and Bahamas station (not
shown), the temperatures at different depths peaked around the same time of the day,
while for Puerto Rico station, the temperatures at shallower depth peaked earlier than
deeper depth. In the open ocean studies, the temperatures peaks measured at deeper
depths usually have a noticeable time lag compared to the temperature peaks measured at
the shallower depths, unless the wind speed is high enough to mix heat swiftly downward
through turbulent mixing (e.g. Stuart-Menteth 2005). In the shallower coastal ocean, the
vertical wind-driven turbulent mixing is generally stronger, and additional turbulent

mixing at the bottom can also contribute, thereby making it less likely to have significant
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time lag between temperature peaks at different depths. Thus, at three out of four stations
in the Caribbean dataset, the average temperatures peaked around the same local time at

different depths (Figure 3.6).
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Figure 3.6 Average daily temperature evolutions at two Caribbean stations Temperature
data are divided into hourly bins according to the measurement time, and the average
temperatures for each hour are shown by circles.

3.3.3 The daily warming amplitude and timing of temperature maxima and minima
In this section, the warming characteristics including daily maximum and minimum
warming, timing and warming amplitudes were calculated and statistics were
summarized (Table 3.2). Daily warming amplitudes were derived by calculating the
differences between the temperature maximum and minimum for each day, starting from
6 am to 6 am next day. We chose 6 am as the start of the day because previous studies
have shown that the warming from the previous day is likely to linger past midnight, but
is usually erased by early next morning (e.g. Gentemann et al. 2009).

Of the four Caribbean stations, LCIY, LPPR and SRVI had relatively small daily
temperature differences, the maximum values were in the 1K-2K range, while the mean
daily temperature changes were in the 0.3 - 0.7 K range. The CMRC station had a larger
mean daily temperature difference (though not necessarily a single peak warming caused

by solar radiation, as shown in Figure 3.5) both in maximum temperature difference
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(close to 4 K), and mean daily temperature difference (>1 K). Daily minimum
temperatures mostly occur in the morning between 6:00 to 7:30, i.e. close to dawn or
soon after, and similar to previous findings (e.g. Gentemann et al 2003), while daily
maximum temperatures mostly occur between 15:00 and 17:00 at all stations. The sub-
surface temperatures peak later than those surface measurements recorded from satellite
and in-situ radiometers of around of 14:00 - 15:00 (e.g. Gentemann et al., 2003). It is
understandable since the measurements at depth tends to lag the surface measurements
(e.g. Gentemann et al 2009).

In the vertical, the temperatures at shallower depths generally have larger diurnal
temperature increases than at the deeper depths. For the eight-month period data in Little
Cayman station, three loggers close to the water surface (depth 1.2 m to 2 m) have
maximum daily warming of around 2 K, and mean daily warming ranges from 0.64 K to
0.70 K. The logger near the bottom at 7.2 m has a maximum daily warming of 1.06 K and
mean warming amplitude of 0.45 K. The middle water CTD measurements at 4.6 m;
however has a maximum daily warming of 1.03 K and mean warming amplitude of 0.40
K, slightly lower than the temperature measured at the bottom, contrary to expectations.
While it is possible that this is a real physical phenomenon of ‘warm bottom’, where the
bottom is heated up by the absorption of solar radiation energy, this is most likely to be
an artifact caused by different sampling frequencies. Because the CTD only recorded
hourly averaged temperature, it does not capture the maximum temperature or the precise
peak time as can be done with the 6-minute resolution loggers, thus resulting in lower

measured warming amplitude.
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Warming amplitudes [K] Timing [LT]
Stations | Instrument and duration

Tmax | Tmin Tmean | Tstd tmax | tmin

Logger @1.2 m from 2.10 0.17 0.70 0.33 15.7 ]6.8
LCIY Feb to Sept

@2011 | Logger @1.5 m 1.99 0.17 0.68 0.30 157 |68
from Feb to Sept
Logger @2 m 1.88 0.16 0.65 0.27 158 |6.7
from Feb to Sept
CTD @4.6 m 1.03 0.06 0.40 0.14 158 7.0

from Feb to Sept

CTD @4.6 m one year 1.03 0.06 0.40 0.14 158 7.1

Logger @7.2 m 1.06 0.11 0.45 0.15 155 |72
from Feb to Sept

LPPR CTD @1 m one year 1.33 0.19 0.72 0.20 148 |6.5

@2009 ' CTD @5 m one year 113 [0.17 [049 [0.14 [175 |64

SRVI CTD @1.7 m one year 1.23 0.03 0.46 0.18 157 |6.2

@2007 CTD @5.3 m one year 1.11 0.02 0.37 0.14 152 |63

CRMC | CTD @2.3 mone year | 3.86 0.00 1.13 0.69 151 | 7.4

@2006  "CTD @5 m one year 397 1021 | 1.19 |0.64 |158 |74

Table 3.2 Statistics of the amplitudes of daily temperature changes as well as timings of
daily temperature maxima and minima for four Caribbean stations at different depths.
The loggers in LCIY refer to the additional four pressure and temperature loggers that
recorded data from February to September 2011 in 6-minute resolution. For the hourly
CTD measurements, the statistics were calculated from one-year long data for all the
stations. At LCIY station, CTD warming statistics were also calculated for a period from
February to September 2011, in order to compare with statistics from loggers. LT refers
to local time in each station.

3.3.4 Seasonality of the daily warming amplitude

In this section, daily warming seasonality is presented by calculating the monthly average
of the amplitudes using the 1-year long data (Figure 3.7). The results show that for all
four Caribbean stations at shallower depths, the largest warming occurred in spring (April
and May). Three stations also have larger warming in late summer and early autumn
(August and September). Winter months have the weakest warming amplitude. The

temperatures measured at deeper depths have far less variation compared to those
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measured at shallower depths, indicating the daily warming amplitudes at the middle and
bottom parts of the water column are more consistent throughout the year. Counter-
intuitively, mid-summer months did not exhibit the largest warming amplitude, when the
solar radiation was strong (June at LCIY and SRVI stations, as well as July at the LPPR
station). Monthly averaged wind speeds are stronger in mid-summer compared to spring
and late summer, a factor likely to explain the lowered daily warming amplitude at the
surface. Also note the winds during winter months were strong, which explains the

smaller daily warming amplitude, in addition to weaker solar radiation.
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Figure 3.7 Monthly averages of the daily warming amplitudes, wind speed, solar
radiation. The 95 % error bars are shown for the daily warming. Reliable solar insolation
data at the LPPR station was not available.

3.4 Concluding remarks
In this chapter we described the forcing and temperature characteristics for the four
stations from the Caribbean temperature dataset. Most locations are found to have a

diurnal wind pattern, where the wind speed peaks around noon or in early afternoon.
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Tidal range at CMRC station was found to be 1 m, while other three stations were found
to have smaller tidal ranges of around 0.5 m. The tidal impact can be shown by
examining the temperature time series, where it is found that CMRC station time series
show a clear double-peak pattern for some days, while other stations do not. By
performing spectrum analysis on temperature it was found that the power spectrum
density (PSD) ratio between the semi-diurnal lunar principle tidal component M2 and the
24-hour period insolation component (PSDy/PSD,4) is a widely varying parameter. For
instance, the (PSDy/PSDyy) ratio is 115.48% at the Bahamas station, compared to
0.11% at Little Cayman station. Next, an averaged daily temperature evolution for each
station is calculated at various depths. For Little Cayman station where there are five
vertical temperature measurements, it is found that there is a bottom mixed layer with a
depth of at least 2.6m, and near bottom warming at 7.2m almost always exists. Finally,
seasonal changes of diurnal warming are described. The results show that at shallower
depths the largest warming occurred in spring (April and May) for all four Caribbean
stations. Although the strongest solar radiation was recorded in mid-summer months, this
time period did not exhibit the largest warming amplitude, possibly due to strong summer

winds.



Chapter 4 Little Cayman station analysis

Among the two in-situ datasets, we choose the Little Cayman station from Caribbean
dataset to conduct a more detailed analysis between diurnal warming characteristics and
the environmental forcing. The reason is that the location has co-located light and
weather measurements as well as a five-point vertical thermal profile measurement for 6
months in 2011. Also, the station is located in a calmer, well-sheltered environment with
minimum effect of tides and currents, thus it provides a simpler yet common coastal

scenario to study the phenomenon.

4.1 Characteristics of the environmental data at LCIY

Little Cayman Island is the smallest island among three Cayman islands, and has a
tropical marine climate. In this section, we examine the detailed weather and tide pattern
shown in our dataset for the study location.

4.1.1 Wind pattern at Little Cayman station

This wind pattern at Little Cayman is similar to those found in other Caribbean locations
such as Puerto Rico (Altaii & Farrugia, 2003). The shoreline orientation of Little Cayman
station is about along 70-250N. Thus at this location, the alongshore wind is mostly along
the shore to the west, and the wind perpendicular to the shore is almost always offshore.
This conclusion was also supported by observing a sample of the wind time series data
(Fig 4.2). Note that as the Little Cayman Island is only about 32km? in area, the sea
breeze effect is unlikely to be local. Rather, the sea-land temperature difference between
the ocean and the surrounding land mass (Mexico to the west, for instance) is a likely

cause.
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Figure 4.1 The map of Little Cayman with wind rose plot is shown.
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Figure 4.2 A typical wind sample time series. The first panel (top) is wind speed
converted to 10m heights. The second panel shows the vector wind. The third panel is the
wind component along the shore, where positive is to the east of the shoreline. The fourth
panel is the wind component in the directions perpendicular to the shore, where positive
is offshore.

4.1.2 Tides at Little Cayman
The tidal elevation in Little Cayman is recorded by the CTD depth gauge, or can be

calculated by low passing the pressure measurements from the additional loggers. It is
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found that Little Cayman has a tidal range of less than 0.4 meter, and has mixed semi-
diurnal and diurnal tidal components, where the semi-diurnal tidal components is slightly

dominate.

Little Cayman Tide
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Figure 4.3 A sample series of tidal amplitudes at Little Cayman and the tidal spectra. In
the spectra plot, the semi-diurnal peaks correspond to principal lunar semidiurnal
component M2 which has a cycle of 12.42 hours and principal solar semidiurnal
component S2 which has a cycle of 12 hours; while the diurnal peaks correspond mostly
to lunar diurnal component K1 which has a cycle of 23.93 hours and lunar diurnal
component O1 which has a cycle of 25.82 hours.

4.1.3 Extracting wave information from pressure measurements

No direct wave measurements were specifically collected at Little Cayman station.
However, the 6-minute resolution pressure measurements from the four newly installed
loggers revealed some pressure perturbations, which appeared to be related to the wind
speed, and decay with depth. Using the linear gravity wave theory, wave information
such as significant wave height, wave number and period could be derived from these

pressure perturbations.
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Figure 4.4 Sample time series of pressure measurements from four loggers and the
corresponding wind measurements. X-axis is the day of the year in 2011.

The procedure to calculate the waves is as follows.

First, the tidal influence in pressure perturbations was removed by high passing the
pressure data at all four depths, cutting off frequencies with periods longer than 6 hours.
Second, 6-minute resolution data were split into hourly segments, so that each segment
had 10 data points. The rationale of creating hourly ensemble instead of individual data
points was that the measuring time of the pressure was not synchronized between the
depth gauges. Therefore, instantaneous vertical profiles of wave induced pressure
fluctuations could not be obtained. Instead, one hour long ensembles of pressure
fluctuations were used to obtain estimates of pressure standard deviation at each depth.
Third, waves were assumed to be linear and monochromatic, i.e., have a constant wave
number k and wave amplitude a within each one hour segment. According to the linear
wave theory (Kundu, 2002, page 204), at depth z, the pressure perturbation caused by

waves 1S
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hk(-z+ H .
p'= pgawcos(kx - wt) equation 4.1
coshkH

where p’ is the pressure perturbation, ¥ is density of the sea water, 1025 kgm™ at 25°C g
1s gravitational acceleration rate of 9.8ms’2, a is the wave amplitude, k is the wave
number, and z is the distance between the measurement and water surface, which was
assumed to be constant within each hour, but changed on longer time scale due to tides.
The total water depth H was also updated every hour due to tidal fluctuations.

Using the 10 data points within each hour, standard deviation was calculated for both
sides of equation 4.1. As one hour is many times longer than the typical wind wave

l

. . . . . . . I'—
period of several seconds, the standard derivation of a cosine wave within the hour is V2 .

Thus for each depth and within each hourly segment

coshk(-z; + H)
~2 coshKH

std(p;') = pga ,i=1,2,3,4 equation 4.2

Fourth, system of four equations at four depths (equation 4.2), has only two unknowns:
surface amplitude a and wave number k, therefore the problem is over defined. Thus the

top three logger measurements were averaged as follows:

coshk(-z,,; + H)
~2 coshkH

1
g(std(pl') +std(p,") + std(p;')) = pga equation 4.3

coshk(-z, + H) .
std(p,") = pga 4 equation 4.4
(p,') =pg V2 cosh kH q

where 7,3 is the average depth of the top three loggers (note, top three loggers are
grouped close together, whereas the bottom logger is relatively isolated in depth),

resulting in one equation for the top three loggers, and one equation for the bottom
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logger.
To solve for a and k, first a was eliminated by dividing equation 4.3 by equation 4.4

std(py,;') — coshk(z,, + H)
std(p,")  coshk(z, + H)

equation 4.5

To solve for k, a numerical algorithm iterated values of k starting with zero, changing the
iteration step by a factor of -0.5 every time the difference between LHS and RHS of
equation 4.5 changed sign, until the difference was within the numerical error tolerance
0f 0.001. Once k was calculated, a could be derived from either equation 4.3 or equation
4.4.

Finally, for each hour, significant wave height Hs was calculated as four times the
L o 1 .
standard deviation of the surface elevation, 1.e., H =4 *a *E The wave period was

2
calculated using finite depth wave dispersion relationship 7 = —n. Finally,
4/ gktanhKH

wave steepness ak, defined as a product of wave amplitude and wave number, was
calculated to check if resulting waves have realistic properties. Most of the wave
steepness falls within 0.1, and occasionally reaches 0.15 or 0.2, which is expected for
young waves (Toba 1972) in case of offshore wind, or shoaling waves in case of onshore
wind. There was a clear relationship between the significant wave height and wind speed

(Fig 4.6).
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wave information at Little Cayman
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Figure 4.5 Sample time series of significant wave height H;, wave period 7 and wave
steepness ak at Little Cayman station.
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Figure 4.6 Significant wave height versus wind speed. The red line is the bin-averaged
value for the significant wave height for each 1 ms™ wind speed bin with 95% confidence
error bar plotted.
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4.2 Little Cayman temperature data

Since January 2011, Little Cayman station LCIY2 had five water temperature
measurements at different depths on the pylon. Three self-recording thermometers were
added close to the surface at an average depth of 1.3 m, 1.5 m and 2 m, and another
logger was added 0.1 m above the water bottom at an average of 7.1 m. In addition to the
original CTD at 4.6 m depth, this 5-point setup facilitates the study of warming signatures
at different depths, the vertical thermal profile evolution throughout a day, as well as
provides data to test models of the shallow-water diurnal heating.

4.2.1 Addressing the calibration drift in the temperature data

Before processing the temperature data, it is important to evaluate the data quality and
address any issues related to the data quality. A simple plot of temperature time series at
different depths showed a clear daily warming pattern at all depths. It also revealed time-
dependent discrepancies in the additional temperature time series, which gradually
worsened with time.

An example of the unrealistic temperature time series from the additional temperatures is
shown in Fig. 4.7. Of the top three loggers, positioned at depths ranging from 1.3m to 2m,
the highest temperatures were constantly measured by the second logger at 1.5m, both
during the day and at night; this is unlikely to occur due to the thermally induced
convective instability. The night-time temperature measurements are more revealing: the
temperature at 1.3m and 2m are significantly lower than at 1.5m, 7.2m and 4.6m, first by
about 0.08 K during day 85 through 88, then by about 0.2K during day 229 through 232.

This is clearly not physical, and requires correction.
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Figure 4.7 Sample time series of temperature measured at the Little Cayman station. The
x-axis is the year day of 2011.

We used the CTD measurement at 4.6 m as the reference because the instrument is of
much higher quality, and is expected to be much more reliable and accurate. Also, at this
particular site, the CTDs were switched out and factory-calibrated every half a year. We
addressed the apparent calibration drift according to two physically plausible criteria:
Firstly, the temperature should be lower at deeper depths for most time, at least within the
uncertainties of the measurements. Temperature inversions might occur during individual
cases such as active mixing driven by strong wind or by salinity compensation, but on
average should not exist. Secondly, diurnal warming from the previous day is expected to
be erased by convective instability driven by surface cooling, and the water column
should be well mixed before the next sunrise on average.

Firstly, the CTD data were linearly interpolated to 6 minutes resolution to match the
resolution of the additional thermometers. Also, a 30 minutes time shift was applied to
CTD data as the time stamps were recorded at the end of each measuring hour, and the

stored values is an estimate of the average samples. Based on the second criteria, CTD
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measurement at 5am was subtracted from temperature measurements at Sam from other
loggers. For loggers with accurate reading and no calibration drift, the difference should
remain zero. Downward trends were found in the data from loggers 1 and 3. For loggers
2 and 4, the trend was more invariant, but there was a small offset. The time dependences
were represented by a linear fit and corrections were applied to the original data (Fig 4.8
and Table 4.1). After applying the corrections, the temperatures at different depths were

more physical and no temperature inversions were visible (Fig 4.9).
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Figure 4.8 The temperature differences between the loggers and CTD measurements at
Sam local time everyday are shown as red dots. Their linear fit lines are shown in black.
The x-axis is day of year in 2011. The y-axis is temperature difference.
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Temperature logger 1-CTD logger 2-CTD logger 3-CTD logger 4-CTD
drift AT

slope A (K/day) | -4.0747e-4 -5.7807e-6 -6.0733e-4 -2.6202e-5
intercept B (K) | 6.762e-3 3.2681e-2 3.4614e-5 2.5359e-2
rms of residual | 0.0322 0.0292 0.0298 0.0298

(K)

Table 4.1 Coefficients to correct the calibration drift from the self-recording
thermometers. Temperature drifts can be calculated as AT = AX + B, where X is the
elapsed time in days from 2011-01-01 00:00 in local time. The new logger data is
calculated as 7,,,, =T, - AT

original

temperature time series temperature time series
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Figure 4.9 Same sample time series as in Fig.1 at Little Cayman station, but after the
calibration drift correction has been applied. The x-axis is the year day in 2011.

4.2.2 Daily warming statistics

Data from a total of 189 days were analyzed from early February to late September in
Little Cayman after days with missing data from either temperature data or weather
measurements were removed. Daily average temperature time series showed an obvious
daily warming pattern at all five depths. The daily averaged lowest temperature occurred
at 7:00 LT (Local Time), and daily averaged highest temperature occurred at 15:00 LT at
all depths. The top three loggers from 1.3m to 2m depth had an average of about 0.5K

warming with slight stratification (~0.03K) between these levels, while the warming from
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4.6m and 7.2m had about 0.3K average warming and were very similar in the daily
progression. Using logger measurement at the shallowest 1.3m depth, we also examined

the distribution of the timing when the daily maximum and minimum were reached (Fig
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Figure 4.10 Temperature on an average day at different depths at Little Cayman station.
The data length is from January 25th, 2011 to September 26th, 2011.
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Figure 4.11 Histogram of the local time when daily maximum (black bar) and minimum
(gray bar) are reached for the surface logger at depth 1.3m. The x-axis is the local hour. Y
axis on the left is the number of the days, while y axis on the right is the percentage of
days.

4.3 Relationship between daily warming and environment data
The strength of the Little Cayman data of course, was the availability of temperature

profile measurements, as well as the onsite weather data including wind speed, insolation,
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humidity and rain. The 6 minute-resolution depth measurements also captured sub-tidal
undulation of the water surface, thus provided some information of waves. So this section
we study the relationship between the diurnal warming and various environmental
parameters.

4.3.1 Case studies

In this section we chose several example days to illustrate the evolution of warming at
different depths, and how the warming is related to environmental influences. The first
four cases illustrated four days from summer months, with very similar amplitude of
insolation, and quite different wind patterns throughout the day (Fig 4.12). The last two
cases illustrated a cloudy day and a heavy rain day (Fig 4.13). The warming at 6:00 each
day is referred to be zero.

Case (a). Strong insolation, weak steady wind.

Day 221 had weak and steady wind speeds (3~4ms™) throughout the day. The warming
amplitude was 1.8K at the near surface logger, with a temperature difference of 1.3 K
between near surface depths and the bottom, one of the largest ever recorded in this
dataset. The temperature difference also started to develop as early as 10:00 as the weak
wind was not sufficient to mix the heat down as the insolation increased. The warming
was not completely erased at 6:00am next day due to the weak wind speed throughout the
night.

Case (b) Strong insolation, diurnal breeze wind pattern

The wind during day 196 was quite typical at the coastal stations, where wind speed
reached its peak in the early afternoon. Compared to case (a), the temperature difference

between top and bottom loggers was much weaker (<0.5K), and occurred only after noon
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time. The near surface warming was much less than the steady weak wind case (0.8K vs.
1.8K), but the mid-depth CTD and bottom temperature actually showed similar warming
of 0.5K compared to the weak wind case. The wind increase the surface fluxes
significantly due to the increase in latent heat fluxes. A difference of more than 100 Wm™
in outgoing fluxes resulted as the wind increased from 3ms™ to 6ms™. The weak wind
throughout evening and night only erased vertical temperature differences around 21:00,
and there was still residual warming next day at 6:00.

Case (c) Strong insolation, alternating wind speed

Day 185 showed the warming pattern changed rapidly as the wind speed changed from
weak to intermediate strength. A very weak morning wind allowed the vertical
temperature difference to start developing as early as 9:00am, and the surface warming
was 0.5K near surface at noon with obvious temperature difference between the surface
loggers. The warming near the surface started to decrease when the wind started to
increase also the solar radiation is reduced a little possibly due to clouds, and by 14:30,
the temperature differences among near surface loggers were erased as wind reached a
local peak of 5ms™. Note that the mean wind on day 185 was 3.11ms™, smaller than that
in the first case on day 221. But stronger instantaneous wind in the early afternoon
caused the resulting warming to be much less than day 221. This case illustrated the
quick response of warming to changing wind speed. Also note that there is a rainfall
event at night, which resulted in a slight temperature inversion.

Case (d) Strong insolation, strong wind, and rough surface

Day 235 had quite strong wind throughout the day, from up to 9ms™ at previous midnight,

to a steady 6~7ms”' until next morning. No vertical temperature difference was developed
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due to the strong wind. It was interesting to notice the large wave amplitude captured by
the depth measurements at the surface logger, which suggested possible mixing by waves
in addition to wind.

Case (e) Cloudy day, weak wind speed

Day 199 was very cloudy with the maximum insolation of just over 500 Wm™, the wind
was very weak (~2.5ms™) in the morning and reached its maximum around 4ms™ at noon.
Because of the weak insolation, such a weak wind was sufficient to keep the water
column well mixed. In the late afternoon, however, around 16:00, the wind speed relaxed
and decreased to 2ms™ again. Vertical temperature difference of 0.2K immediately
developed despite the very weak insolation, and remained until 18:00 when insolation
decreased to zero.

Case (f) Cloudy day, heavy precipitation

As the shallowest logger we had was below 1m, only heavy rain effects could be captured
in the temperature measurement. Day 156 had very weak insolation, intermediate wind
speed and a rough surface, so the warming amplitude and vertical temperature difference
was minimum. As rain is colder than the air, and the water at the sea surface (the wet-
bulb temperature of the atmosphere, e.g. Gosnell et al 1995), the heavy rainfall around
15:00 caused the temperature measurement near surface loggers and CTD measurement

to decrease, and a maximum thermal inversion of -0.4K were developed right after 15:00.
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Figure 4.12 Four days with strong insolation and different wind patterns. The first panel
shows the time series of temperature at different depth. The surface logger located at
1.3m, 1.5m, 2m, CTD located at 4.6m and bottom logger located at 7.2m are shown as
red, green, blue, cyan, black lines respectively. The second panel shows wind speed and
insolation. The third panel shows surface fluxes from atmosphere to ocean calculated
from weather measurement. The SH (sensible heat flux), LH (latent heat flux), and LW
(net longwave radiative flux) are shown in blue, red and green line respectively. The
fourth panel is hourly rainfall amount in mm. The fifth panel shows 6 minute resolution
depth measured by the shallowest surface logger, as well as wave height derived from the
surface logger depth measurement. Note the different temperature scale in the first panel.
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Figure 4.13 Two days with weak insolation without and with precipitation.

4.3.2 Linking daily warming amplitude with daily average wind and daily maximum
insolation

The daily warming amplitude combined with an assumption of the daily surface warming
curve shape is often a decent estimate of actual diurnal warming evolution. For this
reason, simpler diurnal models often calculate the daily peak warming or warming curves
as a function of daily averaged wind and daily maximum insolation and sometimes
maximum precipitation (e.g. Webster, Clayson, and Curry 1996, Gentemann et al. 2003).
In this section temperature and weather data at Little Cayman were explored to link daily
peak warming and daily values of wind and insolation.

Daily peak warmings were calculated by subtracting daily minimum temperature from
daily maximum temperature, while a day was defined to start from local time 6:00 to next

day 6:00. By the same token, daily mean wind speed and daily maximum insolation were
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calculated.

First we studied the relationship between the peak warmings at a certain depth and wind
speed as well as insolation (Fig.4.14 top two panels). The daily warming amplitude at the
shallower depth had a clear relationship with the daily mean wind speed (correlation
coefficient r=-0.40). Days with largest warmings (e.g. larger than 1.2K) all occurred
during days when mean wind speeds were less than 6ms™. The daily maximum insolation
(shown as color of the data points) also influenced the warming (correlation coefficient
1=0.34). For most of the days where maximum insolation was less than 700Wm™(green
and blue dots), the warming amplitudes were less than 0.4K , despite very low mean wind
speeds on some days. For the deeper depth at 7.2 meter, influence of the mean wind
speeds on the daily warming amplitude was much weaker (correlation coefficient r=0.28),
the influence of the insolation was also weaker (correlation coefficient=0.22). It is
interesting to notice the positive correlation between wind and warming amplitude at the
bottom depth, which means stronger wind tend to transport the heat downward deeper,
causing stronger heating at deeper depths. Thus wind is negatively correlated to warming
at shallow depths and positively correlated to warming at deeper depth. The exact depth
where this correlation changes sign is a very interesting question.

In addition to absolute warming values at certain depths, the thermal stratification at
16:00 between two different depths was calculated and its relationships between wind
and insolation were shown. 16:00 was chosen as it was close to when the thermal
stratification peak values were reached for most days. The thermal stratification is
essentially an indication of how well water column is mixed and directly related to

mechanical wind mixing, thus it was not surprising that there was a very clear
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relationship with the daily mean wind speed. Larger wind speeds were needed to mix the
entire water column (Fig 4.14 bottom left panel) than the near surface water column (Fig
4.14 bottom right panel). When the wind speed was above 9ms™', the thermal
stratification through whole water column was mostly zero. When the wind was above
4ms™', the thermal stratification near surface was mostly zero. Days with weak insolation

values were shown to have smaller thermal stratification.

surface logger1 at 1.3m

bottom logger4 at 7.2m
1100 : : : : 1100

1000 1000
1900
800
700

600

daily warming [kl
insolation [W/m2]
daily warming [kl
~
8
insolation [W/m21

500

400

300

daily mean wind [m/s] daily mean wind [m/s]
logger1 at 1.3m minus logger4 at 7.2m

logger1 at 1.3m minus logger3 at 2m

daily warming [kl
~
8
insolation [W/m2]
daily warming [kl
~
o
o
insolation [W/m21

0 2 4 G B 10 12 0 2 4 6 8 10 12
daily mean wind [m/s] daily mean wind [m/s]
Figure 4.14 Scatter plots of warming and vertical temperature differences vs. daily mean
wind and maximum insolation. The y-axis are respectively: a) daily maximum warming
amplitude at 1.3m ;b) daily maximum warming amplitude at 7.2m; c) thermal
stratification between 1.3m and 7.2m at 16:00 LT; d) thermal stratification between 1.3m
and 2m at 16:00LT. x-axis is the daily mean wind speed in ms™'. The color indicated the
daily maximum insolation value.
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4.3.3 What influenced the instantaneous thermal gradient and warming at Little
Cayman?

In addition to the relationships between daily warming and the daily mean wind and daily
maximum insolation, the case studies also illustrated that the instantaneous sub-surface
thermal gradient responded rather rapidly to the environmental parameters, particularly to
the instantaneous wind speed. A rapid increase or relaxation of the wind speed was often
followed immediately by the disappearance (Figure 4.12, day 185) or re-appearance of
the vertical thermal gradient (Figure 4.12, day 199).

In this section, we explore the relationship between the instantaneous thermal
stratification of the water column and the instantaneous environmental parameters
including wind speed, insolation, significant wave height, tide, etc.

In order to find underlying relationships and enhance statistical confidence, data obtained
during various times of the day was combined using a normalization technique.
Specifically, vertical thermal gradient d7 at any point in time was normalized by the
thermal gradient during this time of the day, averaged over ~180 days available within
the dataset. Here, thermal gradient d7 was defined as the temperature difference between
the shallowest logger at 1.3m and the deepest logger at 7.2m. Examples of the averaged
thermal gradient, as well as of absolute and normalized gradient values for a specific day
were shown on Figure 4.15. A normalized value of smaller or larger than 1 at any given
time indicated a smaller or larger than average thermal gradient for this time of the day.
Relationship between such deviations and various external parameters indicated and
quantified their effect on the vertical temperature profile. It is the goal of this section to

investigate such relationships.
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Figure 4.15 also suggested that typical difference between the two loggers (1.3 and 7.2
m) was very small in the morning and night (<0.05K), which resulted in large uncertainty
of normalized thermal gradient. Therefore, only daytime data (from 11:00 to 22:00 Local

Time) was considered in the following analysis.
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Figure 4.15 Example of how a sample day temperature is being normalized. The black
dash line is the time series of the temperature difference between top logger and bottom
logger on day 134. The blue line with ‘.” maker is the temperature difference between
these two loggers on an average day. These two lines both use the left Y-axis [K]. The
red line is the normalized thermal gradient on day 134, which is calculated by dividing
the black dash line by the blue line with .’ marker. The red line uses the right Y-axis.

4.3.3.1 Relationship of normalized thermal gradient and wind speed

The instantaneous wind speed was found to have a clear and immediate effect on the
thermal gradient, regardless of the time of the day (Fig 4.16). The bin-averaged curve of
normalized stratification versus wind speed showed that stronger wind speed resulted in
weaker stratification, and vice versa. The gradient tended to be less than the average day

value when the wind speed was larger than 5ms™, and larger than the average value when
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the wind speed was less than 5ms™. It is notable that while the thermal gradient could be
large or small during weak wind, it is necessarily well mixed in higher winds,

independent of other external parameters.
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Figure 4.16 Relationship between thermal gradient and instantaneous wind speed. The
wind speed is converted to 10m height. The black line consists of 1 ms” bin-averaged
values with 95% confidence intervals.

4.3.3.2 Relationship of normalized thermal gradient and insolation

Compared to the wind speed, instantaneous insolation had less effect on the instantaneous
normalized thermal stratification. The bin-averaged stratification was around 1 for
insolation values ranging from 0 to over 1000 Wm™ (figure 4.17). Note, while the
absolute thermal gradient was expected to depend on the solar insolation, here much of
this dependence was accounted for within the normalization factor, therefore it did not
appear in the figure. It was, however, interesting to investigate if the wind-induced

variability was affected by the insolation. Plotted along with wind, the instantaneous
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insolation was shown to have a secondary effect on the thermal stratification, in addition
to the wind speed (Figure 4.18, left). For the same wind speed interval, a subset of points
with insolation larger than 300 Wm™ produced consistently larger thermal gradients than
data points with any insolation (relative difference as large as 0.7K at low wind speed),
while a subset of points with insolation equal to or smaller than 300 Wm™ consistently
produced a smaller gradient than average; except for the very strong wind case (>11ms™),

where the stratification is very close to zero in both cases (Figure 4.18, right).

dT/<dT >
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Figure 4.17 Relationship between normalized thermal stratification and instantaneous
insolation. The black line is the bin-averaged value for the average stratification for each
100Wm™ insolation bin. Error bars show 95% confidence intervals.
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Figure 4.18 Dependence of normalized thermal gradient on instantaneous wind speed and
insolation. In the left panel, the black line is the bin-averaged normalized stratification for
each 1 ms” wind speed bin with 95% confidence error bar plotted. The red line is the bin-
averaged normalized thermal gradient versus wind for data points with instantaneous
insolation of larger than 300 Wm™. The green line is the bin-averaged normalized
stratification versus wind for data points with instantaneous insolation smaller than or
equal to 300 Wm™. In the right panel, red (green) bars refer to relative differences of bin-
averaged values (left panel) between the high (low) insolation curves and the overall
average curve.

4.3.3.3 Relationship of normalized thermal gradient and significant wave height
Next the relationship between the significant wave height (SWH) and the normalized
thermal stratification was explored. Since SWH were related to wind speeds (Figure 4.6),
the wave effect on normalized stratification was separated from wind effect by grouping
points with similar wind speed and different SWH. For each data group binned within
Ims™ wind speed range, bin-averaged normalized thermal gradients were calculated for
the largest 25% and the smallest 25% of the significant wave heights.

The SWH clearly influenced the normalized stratification when the wind speed was
intermediate to strong (5ms™ to 12ms™). For the same wind speed interval, a subset of
points with the smallest 25% of SWH produced a larger normalized stratification than
data points with any SWH, while a subset of points with the largest 25% of SWH

consistently produced a smaller normalized stratification. The relative difference was
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largest for intermediate wind of 5ms™ to 10ms™ (Figure 4.19, right panel).

For very strong wind (>10ms™), the relative difference decreased, indicating that the
influence of SWH decreased. Evidently, at this wind speed, the strong wind alone was
able to result in a well-mixed water column, thus added wave mixing could not influence
stratification further. Similarly, at low wind speeds additional effect of waves was not

found to be significant as the SWH tended to be small (Figure 4.6).

relative error

dT/<dT >
I S N T . B T I -]

[ 1argest 26% wave heights case minus all wave height ca
=

smallest 26% wave heights case minus all wave height ca

Wind [m/s] 3

Figure 4.19 Dependence of normalized thermal gradient on instantaneous wind speed and
significant wave height. The wind speed is converted to 10m height. In the left panel, the
black line is the bin-averaged stratification for each 1 ms™ wind speed bin with 95%
confidence error bars plotted. The red line is the bin-averaged stratification for the points
with the largest 25% of the significant wave heights for each Ims™ wind speed bin. The
green line is the bin-averaged stratification for the points with the smallest 25% of the
significant wave heights for each 1ms™ wind speed bin. In the right panel, red (green)
bars refer to the relative difference of bin-averaged normalized thermal gradient between
the largest (smallest) 25% significant wave height subset, and the overall average curve
(see left panel).

4.3.3.4 Relationship of normalized thermal gradient and tidal phase

In this section, the influence of tide on the normalized thermal gradient is explored. The
key question is whether the normalized thermal gradient is related to the phase of the tide.
The instantaneous phase angle could be calculated by performing the Hilbert transform
on the tide elevation time series. Hilbert transform converts a real data sequence xr into a

complex helical sequence called the analytical signal x=xr+i*xi, where the real part is the
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original real data, and the imaginary part xi is the original real sequence with a 90° phase
shift. The instantaneous phase angle then could be calculated as angle of the complex
number x. Comparing a sample time series of the tidal elevation and resulting phase
angle time series (Figure 4.20), it was shown that the zero angle corresponded to the high
tide, while £180° corresponded to the low tide, for a day with clear high tide and low tide
peaks.

Using similar bin-average approach, it was found that the normalized thermal gradient
was close to 1 for most of the tidal phases, indicating tidal phase had a rather minor effect
(Figure 4.21). There was, however, a slight decrease shortly after high tide (zero phase
angle) and a slight increase shortly after low tide (-180 phase angle) in normalized
gradient. The largest negative deviation from 1 occurred when the phase angle was about
45 degree, i.e. shortly after the high tide, where the normalized stratification was around
0.7. This could be explained by the fact that the warming tended to be trapped close to
the surface. Thus during high tide, thicker water column and larger thermal gradient
existed between the water surface and shallow logger, resulting in decreased thermal
gradient between shallow logger and the bottom logger. This tidal effect on the thermal
gradient was not immediate; a rather significant lag existed. For a semi-diurnal tidal
region with tidal period of about 12 hours, 45-degree phase lag equaled to 3 hours in
time. The results also indicated that the tidal currents were not likely to be important for
thermal gradient in this location. The strongest tidal currents, which usually occurred at
+90° phase angle (mid-water), would cause the thermal gradient to decrease due to

increased turbulence mixing. However, this was not the case in the present dataset.
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Figure 4.20 A sample time series of tidal elevation (top) and instantaneous phase angle
(bottom), calculated using Hilbert transform.
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4.3.3.5 Relationship of normalized thermal gradient and its previous values
Apart from the influence of environmental forcing, the normalized thermal gradient has

strong inertia. Thus strong correlation exists between the thermal gradient and its
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previous value 30 minutes apart (Figure 4.22).

dT/<dT>

dT/<dT> history

Figure 4.22 The dependence of the thermal gradient on its value 30 minutes ago.

It has been shown that instantaneous external parameters such as wind speed, wave
height, solar insolation, and tidal phase are important for the immediate formation or
destruction of the thermal gradient. However, it was also recognized that it took a
significant period of time for the external forces to reconstruct the thermal gradient;
therefore inertia has to be considered as one of key parameters. The influences which
affect the thermal gradient could be ranked as follows: thermal gradient history> wind

speed>wave/tide/insolation.

4.4 Concluding remarks
In this chapter, the Little Cayman station from Caribbean dataset is chosen for a more
detailed analysis between diurnal warming characteristics and the environmental forcing.

It is found that the daily maximum warming correlated with daily average wind speed
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positively near the surface, and negatively near the bottom, indicating downward heat
transport during windy conditions. For the cloudy days, the warming amplitudes are
smaller at both near surface and near bottom depths. In addition to warming relationship
with ‘daily average/maximum’ forcing, this chapter further explored the relationship
between the instantaneous thermal stratification of the water column and instantaneous
environmental parameters including wind speed, insolation, significant wave height, and
tide. The influences that affect the instantaneous thermal gradient could be ranked in the
order of descending importance: the history of thermal gradient, the wind speed, and less

importantly waves, tides, and insolation.



Chapter S Great Barrier Reef dataset

In contrast to open ocean, coastal phenomena tend to exhibit more local characteristics.
So in order to capture the general characteristics of the diurnal warming at coastal
shallow waters, it is essential to study the phenomenon at many stations covering large
spatial region and varying environmental characters. In this chapter, we study such a

dataset from the Great Barrier Reef (GBR) region offshore NW Australia.

5.1 Locations, local physical environment and instrumentation

The Great Barrier Reef (GBR) is the world's largest coral reef system composed of over
2,900 individual reefs and 900 islands. The GBR region extends from 9 °S to 22 °S,
stretching for over 2,600 kilometers along the northeast coast of Queensland, Australia
(Figure 5.1). The east edge of the barrier reef is aligned with the continental shelf break,
where the depth is about 100 m at the edge of the shelf. The coral reefs are very densely
located in the northern part (north of about 16 °S), and cover most of continental shelf.

South of 16 °S, the reefs are largely located on the outer half of the shelf. Moving

southward, the reefs are located progressively further offshore and the reef densities vary
from highly dense to sparse (Brinkman et al 2002, Wolanski and Spagnol, 2000). A
shallow Great Barrier Reef lagoon separates the Queensland mainland from the barrier

reefs offshore, and becomes wider from north to south (Luick et al., 2007). Inside the

GBR lagoon, the depths are generally around 20 m near shore, increasing to 40—-60 m on
the outer shelf. The GBR lagoon is generally considered sheltered from the regional

large-scale circulations due to the existence of the reef matrix and the shelf break.
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However at the locations along GBR where the reef matrixes are sparse, cross-shelf
inflow that transports water onto the shelf by the Eastern Australia Current (EAC) into

GBR lagoon do occur (Brinkman et al., 2002).

Southeasterly trade winds prevail throughout most of the year (Wolanski, 1982). Unlike

the Caribbean Region, the GBR region has large tidal ranges, ranging from 2 m in the
northern region to about 8 m in the south
(http://www.bom.gov.au/oceanography/tides/index range.shtml). A 5-minute spatial
resolution tidal range dataset was provided by Australia National Tide Center (Figure
5.2), and we obtained the tidal range for each study sites by performing 2- dimensional
linear interpolation using this datasets. On the coral reefs of the GBR, the range is 2-5 m
(Figure 5.2). The tides are mixed diurnal and semidiurnal lunar tides, except near the
coast in the south, where the semidiurnal lunar tide dominates (Wolanski 1994).

The temperature dataset is comprised of a total of over 200 temperature loggers placed on
the coral top, recording the bottom temperature every 30 minutes throughout Australia,
mostly at GBR region .The earlier loggers only record water temperature; depths were
also recorded from late 2008 onward (Berkelmans, personal communication). All loggers
were placed directly among the coral communities that feature much higher bottom
rugosity, 1.e. small-scale height variations, compared to the ‘colonized pavement’ of the
Caribbean stations. Depending on deployment locations and depths, the stations were
named within three types. ‘Reef-flat’ sites refer to measurements taken from just below
lowest astronomical tide level. ‘Reef-slope’ sites indicate measurement depths of 5 to 9 m
while ‘deep reef-slope’ sites indicate depths of about 20 m. There are no co-located

weather and light measurements at the logger locations.
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Figure 5.1 The area map of the Great Barrier Reef. The map shows the location of 65 out
of 200 logger sites along the GBR, which were analyzed for a five-month period. The
stations were shown in blue circles.

o 20 4« ® &0 100 125 150 200 200 500 &0 1200
Tiial Range tom)

Figure 5.2 Tidal ranges offshore Australia.
(http://www.bom.gov.au/oceanography/tides/index range.shtml).
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5.2 Study period and method of analysis

For the diurnal warming analysis, 30-minute resolution water temperature data for a
period of five months from November 1st, 2002 to March 31st, 2003 from a total of 65
bottom-mounted loggers were analyzed (see Figure 5.1). The period covers late spring to
early autumn in the region. All time stamps have been converted to mean local time for
each station according to their longitudes.

We first explore a few representative cases of diurnal warming patterns by examining the
time series, diurnal warming statistics and temperature spectrum from sample sites. We
next summarized the diurnal warming amplitude and timing for all stations. Last and
most importantly, we categorize the stations into groups related to different geographic
features, and explore how the diurnal warming characteristics and tidal influences depend

on those features.

5.3 Results

5.3.1 Diurnal warming existence and characteristics: sample stations

The diurnal warming characteristics of four sample stations were chosen (Figure 5.3).
For each station, we first visually inspect the temperature data series, and determine the
existence of a daily cycle. Then daily maximum warming as well as the time when daily
maximum temperature and minimum temperature were reached were calculated, to see if
these characteristics align with those found in previous DW studies. Finally, spectrum
analysis are performed on the temperature time series, values of PSDy, PSD»4  and

(PSDMm2/PSD»4) were calculated as described in Chapter 3.
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Figure 5.3 Characteristics of temperature measurements for four sample stations. The top
panel is the temperature time series. Station latitude, longitude, average depth of the
water column. The middle panel shows the histogram of the daily warming amplitude for
the five-month time period (left plot), as well as the histograms of the local time when the
daily maximum (center plot) and minimum (right plot) are reached. The bottom panel
shows spectrum analysis results for temperature measurements. Solar component PSD4
and tidal component PSDy, are marked with red circles.

The reef flat station at Lizard Island (LIZFL1) is a site with strong and clear diurnal
warming patterns, where tides exhibit minimal influences. The histogram shows a median
daily warming of 2.1K, and interquartile range (IQR, the value between first and third
quartile) of 0.87K. Here robust statistics measures such as median and IQR are used
instead of mean and standard deviation, as the daily warming amplitudes often do not
have normal distribution. The mean local hours when daily maximum and minimum
warming are reached are respectively at late afternoon (16.1LT) and early morning
(5.5LT), similar to previous findings. Spectrum analysis shows a large PSD,4 of 633.66
K-Hz "' and a weak PSDy;, of 0.69K-Hz ', the (PSD2/PSD.4) ratio is only 0.11%. The
Lizard Island site is inside the lagoon between the barrier reef and coast at the North
section, where barrier reef is quite dense and the lagoon could be regarded as well

sheltered.
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The measurements at reef flat site at Mourilyan (MOUFLT1) on the other hand exhibit a
smaller daily warming cycle, and experience more tidal influence. The median daily
warming amplitude is 0.89K, which corresponds to a smaller 24hr component in the
spectrum plot (PSD2,=50.72K-Hz™"). While there is still obvious warming during
afternoon (mean tmax=15.4LT), there are frequently double peaks in the temperature
time series indicating nighttime temperature increase (day 71 and day 88 in the time
series for example). These double peaks are most likely caused by tide, as the M2 tide
influence is quite strong at this site (PSDy>=6.75K-Hz"). The relative influence of M2
tide vs. insolation ratio (PSDm2/PSDa4) 1s over 13%. This large tidal influence might be
explained by possible proximity of a tidal inlet. The Mourilyan site is at the coast, close
to an opening (possibly a tidal inlet) of a mostly enclosed bay at the middle section.
Osprey Reef is the only station in our dataset that lies east from the GBR, i.e., off the
continental shelf. At Osprey reef slope station (OSPSL1) where the water depth is 6m,
insolation influence on temperature is weak (PSD,4=10.43K-Hz™"), while tidal influence
on temperature is relative strong (PSDy>=6.21K-Hz™"). Double peaks are frequently
present in the temperature time series. Daily warming amplitude has a distribution close
to exponential, and mean local time when daily maximum and minimum temperatures are
reached are again late afternoon and morning, though the data have more spreads.

The Myrmidon Reef deep reef slope station (MYRDSL1) has a water depth of 20m. The
insolation influence on temperature is very weak (PSD,4=2.87K-Hz"), and the tidal
influence on temperature is even weaker (PSDy>=0.01K-Hz"). The daily warming could
still be detected as the daily temperature reached the maximum at a mean 16.95LT.

However, the time when daily minimum temperature is reached become more evenly
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distributed. The distribution of the daily warming amplitude is exponential, i.e., majority
of days have warming below 0.5K, and large warming events are rare. The Myrmidon
Reef is located at middle section of the barrier Reef.

5.3.2 Warming statistics for all GBR stations

In this section, histograms of daily warming amplitudes and timings were plotted
combining the 9815 daily data points from all 65 stations during the five-month (151
days) period. Overall distinct diurnal warming patterns with significant amplitudes were
shown to exist in the dataset. The warming amplitude shows a near exponential
distribution. Majorities of the days have warming less than 1K (65%). 35% of days has
warming amplitude larger than 1K, 15% of days has warming larger than 2K, and only
3% of days has warming larger than 3K. Majorities of the daily maximum temperatures
occurred in the late afternoon, while majorities of the daily minimum temperature
occurred in the early morning. Around 40% of days have maximum temperature between
15:00 and 17:00, and about same ratio of the days have minimum temperatures between
5:00 and 7:00. The variance in the local time when the daily maximum and minimum
temperatures were reached were due to 1) days where cloud or strong wind present thus
there is little or no obvious afternoon warming 2) a few stations where tidal or other
effects are more important. Despite the variances, these histograms using all the stations’
data combined showed a clear daily warming pattern with characteristics consistent with

previous DW study’s findings.
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Figure 5.4 Histograms of the daily maximum warming (top panel), time of the day when

daily maximum temperatures occur (middle panel) and time of the day when daily
minimum temperatures occur (bottom panel) for the five-month time period for all 65

stations.

5.3.3 Relationship of diurnal warming amplitude with station location and

geographic environment

Compared to the open ocean case, one of the unique characteristics of coastal diurnal

warming is its spatial inhomogeneity due to the local geographic features. These features

include local currents circulation, tides and wave patterns, bottom roughness and

bathymetry, coastline geometry and proximity to features such as river and tidal inlet.

The local geographic features affect diurnal warming mostly by mechanical mixing (and

sometimes advection), which affects the heat distribution in the vertical (and sometimes
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horizontal) direction. But unlike the mechanical wind mixing, the mixing induced by
geographical features is more predictable as these features do not change in a rapid
fashion. For instance, a sheltered lagoon will generally have weaker currents and wave
mixing, while locations next to tidal inlet tend to have strong currents and mixing. As a
result, recognizing geographic features that affect diurnal warming characteristics is
important, so that coast regions with higher possibilities of high daily warming can be
recognized readily.

In this section, the influences of the coastal geographic environment, including coastline
and bathymetry features, on the daily warming amplitude were examined. The GBR data
are suitable for the task as stations are situated along the entire length of GBR with very
different environmental surroundings. In the analysis, 65 stations were grouped in six
different ways according to the station depths, reef types, latitudes, relative locations to
GBR in the longitudinal direction, whether sheltered by islands and proximity to a tidal
inlet (Table 5.1). The hypothesis behind categorizing stations by location ‘east/west to a
nearby island’ is that locations to the west of a nearby reef are probably more sheltered
from waves and swell propagating from the Pacific Ocean. Also, it is important to point
out the method to identify stations close to a tidal inlet is somewhat subjective given that

no current measurements were available, only nearby shoreline geometry was examined.



Criteria to

Categories in

Definitions and number of stations in each category

categorize | each method
geospatial
features
Water None Use average water depth
depth
Reef ‘FL’ Reef flat stations located below lowest astronomical tide,
types ‘SL’ 24 stations
‘DSL’ Reef slope stations with 5~9m depth, 34 stations
Deep reef slope stations with ~20m depth, 7 stations
Latitudes | ‘North’ 10 °Sto 15 °S, 12 stations
‘Central’ 15 °S to 21 °S, 43 stations
‘South’ 21 °S to 25 °S, 10 stations
Relative | ‘Coast’ Stations right off coast, 11 stations
locations | ‘Lagoon’, Lagoon sites between coast and GBR chain, 21 stations
to GBR ‘Inner GBR”’, | Stations located on the west edge of the GBR chain, 7
in the ‘Outer stations
east-west | GBR’,’ Stations located on the east edge of the GBR chain, 24
direction | ‘East of stations
GBR’ Stations located east from GBR, off continental shelf, 2
stations
East/west | ‘Island West” | Stations being located to the west of the nearest reef, 31
toa ‘Island East’ | stations
nearby ‘N/A° Stations being located to the west of the nearest reef, 23
island stations
Coastal sites, 11 stations
Whether | ‘Tidal Inlet’ Stations possibly near a tidal inlet, 20 stations
isneara | ‘No Tidal Stations possibly not near a tidal inlet, 45 stations
tidal inlet | Inlet’

Table 5.1 Different methods to categorize geographic environments for GBR stations.

64



65

Median DW amplitude

25 = 25f d ‘
- 20 ¥ 1 - 2 i *
4 ¥ X
=15 : = 15} :

*: ¥
MR Vs 4 ’L % 5 4l ? ,

05 . & 05} i?
0 5 10 15 20 & N &
depth [m]

25— i — 25F Tk T
1 * $ T 2 i * 1
5 1 % f j% ° £ :

L ® 1 L 1
N ? N Gl o \al \al A3
‘\O“ e@“ eo® o \;agoo et ® S ® < o ®
W 0N (8

25F * ¥ 25F * b

- 2L % 2.%
X 15| * 1 ¥ 15} *
= * 3 P *

o E T * g RSSO I = F T + . S
(N L % :
0.5} \ \ ] 0.5}
A < 6?’69‘ wh -a\“\\e‘ e‘\\‘\\é\
\e\gi\ \g\a‘\ < ‘\o.(\é

Figure 5.5 The diurnal warming amplitudes for stations grouped in various ways
including station depths (upper left plot), reef types (upper right plot), latitudes (middle
left plot), relative locations to GBR in the longitudinal direction (middle right plot),
whether is sheltered by islands (bottom left plot) and whether is near a tidal inlet (bottom
right plot). Averaged diurnal warming amplitude for the five-month period for each
station was calculated and then grouped (blue star). For the upper left depth plot, bin-
averaged diurnal warming amplitude was given for each 2-meter water depth bin along
with the 95% confidence limits (red). For other plots, the mean and 95% confidence limit
were given for each group (red).

The mean and 95% confidence limit of diurnal warming amplitude for each group were
calculated. The diurnal warming amplitudes were shown to be related strongly to water
depths. For stations with water depths of less than 3m, the mean warming amplitude was
above 1K. Not surprisingly, the warming amplitudes were also affected by station types,
as the water depths and station types were closely related. The diurnal warming at FL.
stations is significantly larger than the SL and DSL. It was found that the latitudes did not
play an important role in determining diurnal warming amplitude, though the north most

and south most station has a latitude difference of 15 degree and a north-south distance of
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about 1600 km. The east-west direction, on the other hand, revealed different warming
amplitude patterns. Larger warming amplitude occurred at stations located inside the
GBR lagoon and at the inner GBR island chain, possibly as these regions are well
sheltered and have weak currents and wave impact, thus more likely to develop stronger
warming. Whether the location is to the east or west of a nearby reef does not have much
influence on diurnal warming, while stations close to tidal inlet has larger warming than
other stations. Note that the warming here refers to the temperature difference between
daily temperature maximum and minimums, so the larger warming could actually be due
to the tidal influence, like in the Bahamas station CMRC, but this is not strictly the
conventional diurnal warming caused by the solar radiation.

To visualize the Great Barrier Reef warming distribution more directly, spatial maps
were drawn with station colors representing the diurnal warming amplitude (Figure 5.6).
The GBR area spans over 2000km in length, yet multiple measurement locations (usually
of different types, i.e., reef flat, reef slope, deep reef slope) often are located on one coral
reef within hundreds of meters, making it difficult to distinguish one from another. Thus
the diurnal warming spatial map of reef flat, reef slope and deep reef slope stations were
plotted separately.

It was shown that for the same region, stations in the reef flat category have generally
larger warming amplitude than those in the reef slope category, and much higher than
deep reef stations (take a few areas in the south and central parts of GBR for example).
Compared within the same category, the stations located at the inner edge of GBR, and
inside GBR lagoon have larger warming than the stations located at the outer edge of

GBR and east of GBR. These results were consistent with findings shown in Figure 5.5.
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Figure 5.6 Spatial distribution of the diurnal warming amplitude at the studied reef flat
(left), reef slope (middle) and deep reef slope stations (right). Note that the darkest red at
the upper end of the color bar corresponds to average diurnal warming of 1.7K and

higher.

5.3.4 Tidal influence on diurnal warming at GBR

When calculating the daily temperature changes at the coast, it is important to

differentiate warming due to solar heating versus that due to tides. For stations with

strong tidal influence, the tidal effects on daily temperature changes have to be taken into

consideration. From modeling point of view, simple empirical models which calculate

diurnal warming using only wind and insolation might need additional terms of tidal
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components; whereas physical diurnal warming models either need to take into
consideration of tidal induced water depth changes or solve tidal advection in three-
dimensional model. One-dimensional model might not be sufficient to resolve the diurnal
warming. For stations with weaker tidal influence compared to solar heating, on the other
hand, one-dimensional models previously developed for the open ocean diurnal warming
should still be applicable.

As shown in the spectrum analysis for several sample stations, spectral densities
calculated from the temperature spectrum analysis provides a useful tool in
differentiating forces which influence diurnal warming. Particularly, (PSDy2/PSD14) was
shown to be a reliable tool for predicting if the time series have single or double
temperature daily peaks. Using (PSDm2/PSDs4) as an indicator of tidal influence versus
insolation for each station, its histogram were plotted. We found that despite of the fact
that the Great Barrier Reef region has large tidal amplitudes with most of stations have
tidal ranges (peak to peak) of 1.5m to 4m, the tidal influences are surprisingly modest
compared to solar warming (Figure 5.7). There are 56 stations in GBR dataset data with
good enough quality, where spectrum analysis were done properly. Among them, 47 out
of 56 stations (84%) have (PSDwa/PSDy4) values of less than 10%. The stations with
(PSDwm2/PSD2y) values larger than 10% are either stations at the outer edge of GBR, east
of the GBR island chain (i.e., off continental shelf) or coastal stations close to tidal inlets.
The implications of this result is that the tidal influence on the daily warming is generally
small compared to the solar heating, even in dynamic coastal regions with large tidal

amplitude.
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Figure 5.7 Histogram of PSDy»/PSD»g4, the ratio of spectral densities at M2 tidal and 24
hour cycles, from the Great Barrier Reef dataset There is one PSDy,/PSDy4 from each
station shown as a percentage.

5.4 Concluding remarks

In this chapter, the GBR dataset is described and analyzed. The strength of the GBR
dataset is in the number of loggers and related locality of the warming. Moreover, the
stations are located in macro tidal region, where the tidal ranges are 2-3m, as compared to
0.5m-1m in Caribbean sites. Thus emphasis of the GBR dataset analysis is on the
relationship between warming and spatial inhomogeneity, as well as on the evaluation of
tidal impacts on warming. By categorizing GBR station locations according to six
criteria, it is found that the solar-driven diurnal warming amplitudes are impacted by
water depths, station types (reef flat, reef slope, or deep reef slope stations) and the
relative locations of the site to the GBR reef chain in the East-West direction.
Specifically, the stations located inside the GBR lagoon and inner reef chain are shown to
have larger warming on average than coastal sites and outer reef sites. This is suggested

to be linked to the hydrodynamic environments, where the lagoon and inner reef sites are
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more sheltered, thus facilitating stronger heating during calmer conditions. Despite the
fact that GBR stations have macro tidal range, 80% of sites have the (PSDy2/PSD24)
ratio of less than 10%, indicating that the tidal impact on diurnal warming is rather

limited compared to solar heating for the majority of the stations.



Chapter 6 Simulating shallow water diurnal warming using
one-dimensional models

Models are very useful tools to understand, diagnose and predict physical phenomena.
Various types of 1-dimensional models, from the simplest regression models, to more
complex physically-based empirical models, to the most complex turbulence models have
been used to study ocean diurnal warming (Chapter 2, section 2.1). Simple regression
models are not good choices for our study, given that they are usually limited by the
datasets and regions of past studies, which are rarely at the coast. Turbulence closure
models need more measurements of estimates of turbulence quantities and are also very
computationally expensive, so may not suitable here. Thus, in our coastal study, several
one-dimensional physically-based empirical warm layer models are used to simulate
coastal diurnal warming. In this chapter, we will first describe individual model
algorithms, and then the formulation of several physical processes such as solar
absorption schemes will be described. The models will be applied to the Little Cayman

station data in the Caribbean Sea in the next chapter.

6.1 Models used in our coastal studies

The models we used include the Profiles of Ocean Surface Heating (POSH) model
(Gentemann et al 2009), the Zeng and Beljaars (2005) prognostic diurnal warm layer
model and a simple well mixed “box model” which assumes heat entering the water
column will be quickly well mixed throughout the water column.

6.1.1 POSH model

The POSH model (Gentemann et al. 2009) is a modification of the Fairall et al. (1996)

71
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diurnal warm layer model. Both the Fairall et al (1996) and POSH models are derived by
simplifying the Price-Weller-Pinkel mixed layer model (Price et al., 1986). Both Fairall
et al (1996) and POSH models are based on the hypotheses that changes in temperature
and current shear in the upper ocean are only due to surface fluxes (not vertical
entrainment) and are confined to a diurnal layer with the depth Dr. Dt is determined by

requiring the bulk Richardson number Ri to be equal to 0.65.

D, =R T tion 6.1
= —L equation 6.
"V oo O,

Q.. 1s the integrated net heat flux, 7,.is the integrated wind stress. < is the thermal
expansion coefficient, g is the gravitational acceleration.

The only major difference is that Fairall et al 1996 assumes a linear vertical temperature
profile, while POSH model assumes empirically derived vertical profiles dependent on
wind speed while conserving the heat content calculated in Fairall model. The wind

dependent warming profile is shown in equation 6.2.

-9.5(Di)
AT(z)=e ! equation 6.2

the value of coefficient a depends on the wind speed range. As shown in Table 6.1.

wind speed (ms™) value of a
<=1.5 2
3 3
4.5 5
6 7
>=7.5 9

Table 6.1 The values of coefficient a in equation 6.2 for POSH model temperature
profiles, which depends on wind speed ranges.

The authors show that the modified vertical profiles in POSH produced larger and earlier
surface warming peaks, which produces better comparisons with ship borne radiometer

measurements of the skin SST than the Fairall model results.
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The models are not conservative in heat because the solar radiation absorbed below the
calculated diurnal warm layer D is neglected. When the Dt deepens throughout the day,
the temperature evolution is not affected by the previously trapped heat below Dr.

6.1.2 ZB05 (Zeng and Beljaars et al 2005) model

The Zeng and Beljaars (2005) model was derived for the computation of sea surface skin
temperature in weather forecasting, data assimilation and ocean-atmosphere coupled
modeling. The model calculated both cool skin and warm layer, and the heat is handled in
a conservative fashion. The vertical mixing is parameterized using the Monin-Obukhov
theory. The authors reasoned that ‘the diurnal variation of ocean temperature is usually
small at 2—4 m’, thus the depth of diurnal warm layer is fixed at 3m. This assumption
might be problematic for our coastal applications, where a considerable amount of daily
warming is often recorded at deeper depths (Chapter 4 and 5). For the shallow water
study where the whole water column is likely to be affected by diurnal warming, this
depth needed to be altered as well as parameter v in equation 6.4.

In ZB05 model, the temperature difference across cool skin layer is calculated as,

I-T,= cék (Q+R.f) equation 6.3

wowow

For the warm layer, the temperature difference across the warm layer is calculated

as:

(Q+R, - R(-d)*(v+1) _ (v+1ku,, T, -T,)

g
— (T, -T,) =
g 1) dp,c,v d¢,(d/L)

equation 6.4
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The symbols and values are given in Table 6.2.

Symbols and meanings

Equations and values

0 cool skin depth

16 3 -1/3
5 H%@ N f)ﬂ

*W w wow

}, (_TZ) :stability function(Large et al.,
1994)

1+ S_TZ, when —z/L >=0

(1- 16%)‘”2, when —z/L<0

L: Monin-Obukhov length

L=p,c,u/(kF,)
F,=ga,[0+R, -R(-d)],when T, -T , <0

1/2
F, =(U‘§ZW) 0,C 1w =T, , when

r,-7,>0

model input related:

Q: surface fluxes

R;. incoming surface solar radiation
R(-d): the solar radiation left at depth -
d

fs: fraction of solar radiation absorbed
in the cool layer

u,,,: water friction velocity

Q=LH+SH+LW

Calculated using nine band scheme — as in
POSH.

e = Uar[P, /P,

Constants:

g :gravitational acceleration

o, :water thermal expansion

c,: water specific heat capacity
p,,: water density

k: Von Karman constant

k, :molecular thermal conductivity
v, :kinematic viscosity of water

g=9.8 ms™

a,=1.e-5*T (T>1 in Celsius); 1.e-5 (T<I)
c,=4190 J/(kg.K)

p,=1025 kg.m™

k=0.4

k =1.4e"Wm'K'

vW=1.e'6 m’s’!

Constants that might need to be
changed:

d: a fixed warm layer depth where the
diurnal warming is negligible.

v: empirical coefficients which values
depends of the choice of d

d=3

v=0.3

Table 6.2 Symbols and values used in the ZB05 model

The choice of parameter v is determined by the choice of the diurnal warming depth d
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(similar to Dt in the POSH model). In the Zeng and Beljaars (2005) paper, the d value is
3m, and the v value is then chosen as 0.3, so that for the peak insolation of 1000 W and
assuming the balance of the last two terms in equation 6.2, (Ts - Td) is about 3 K under
weak wind conditions. Note that, if a significantly different d is used, v needs to be
adjusted under the above constraint.

6.1.3 A simple “box model”

Another model we considered for the shallow water diurnal warming is very simple. For
the “box model”, we calculated the heat absorbed into the water column, and assume it is
instantaneously evenly distributed so there is no vertical thermal stratification at any
time. Though conceptually very simple, the modeled temperature profile might be quite
realistic when the wind speed is strong, or where the water depths are very shallow so
that the surface and bottom boundary generate enough turbulence to mix the water

column. The temperature changes at each step can be calculated as
aTr .
p,c,h P QO+ Rs* frac equation 6.5

where frac is fraction of solar radiation absorbed in the water, h is the depth of the water
column, other symbols are the same as in Table 6.2.We found better agreement between
box model and data, when frac is set to be 1, i.e., assuming all solar radiation is being
absorbed into the water column. This might be related to multiple reflection of solar
radiation due to the presence of the shallow bottom. Even though the heat from solar
radiation may not be absorbed entirely in the downward path, part of light is reflected at
the bottom, and then reabsorbed into the water column or reflected again at the sea
surface, or absorbed at the sea bed and the heat released into the water above creating a

convectively sustained bottom boundary layer.
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6.2 Formulation of several physical processes

6.2.1 Two solar absorption schemes

To properly model diurnal warming phenomenon, one important aspect to consider is
how the solar radiative fluxes are absorbed and the resultant heat is redistributed in the
vertical direction. The extinction of light through a medium is described by Beer-
Lambert’s law. For absorption of solar radiation in the ocean water, a simple multiple
band empirical scheme (Gentemann et al., 2009; Paulson and Simpson, 1981) and a more
complex empirical scheme considering the role of chlorophyll, cloud amounts and solar
zenith angle were both considered (Ohlmann and Siegel, 2000) are frequently used and
described below.

6.2.1.1 An improved nine-band scheme considering solar zenith angle

A nine band spectral parameterization was originally used by Paulson and Simpson
(1981), the scheme has a stronger absorption at all depths, but particularly at shallow
depths compared to a previous three-band parameterization. Gentemann et al (2009)
improved the scheme by taking into account subsurface solar angle. The ratio of the solar

radiation absorbed between surface and depth z is

9
f,(z,0)=1- Zﬂexp(—m) equation 6.6

where 6 is subsurface solar angle.

Gentemann et al (2009) found that multiplying the ratio by 1.2 produced more realistic
diurnal warming profile compared to profiler measurements, reasoning that the sea water
absorption is larger than that in the clear water, on which the original nine band model is
based. Not including water properties such as chlorophyll concentration which increase

solar absorption, might explain the discrepancy. This discrepancy might be larger for the
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coastal regions where chlorophyll and other dissolved or suspended material
concentrations are higher. The model nevertheless is a good way for simple calculations,

in situations where the concentrations of absorbing or scattering material is not known.

Wavelength [ 4] i F; G [m]
0.2-0.6 1 0.237 3.48*10
0.6-0.9 2 0.360 2.27
0.9-1.2 3 0.179 3.15%107
1.2-1.5 4 0.087 5.48*107
1.5-1.8 5 0.080 8.32*10™
1.8-2.1 6 0.0246 1.26%10*
2.1-2.4 7 0.025 3.13*10™
2.4-2.7 8 0.007 7.82%107
2.7-3.0 9 0.0004 1.44%107

Table 6.3 Values of F; and ¢, values in nine-band absorption model, as in Table 1 in
Paulson and Simpson (1981)

6.2.1.2 A more complex empirical scheme considering the role of chlorophyll, cloud
amounts and solar zenith angle

Ohlmann and Siegel (2000) derived a more complex scheme using empirical solar
transmission parameterizations derived from radiative transfer model HYDROLIGHT
(http://www.sequoiasci.com/product/hydrolight/). Similar to the nine band model, the
ratio of solar radiation at the surface and absorbed at and above depth z is also a sum of

exponentials

fos(z.chl,CLO) =1~ Y A exp(-K 2) equation 6.7

il
where coefficient 4; and K; are calculated as linear functions of chlorophyll
concentration, cloud index and solar zenith angle.

y =C,chl+C,CI+C,cos™ 0 +C, equation 6.8
where chl is the chlorophyll concentration, CI is the cloud index (the fraction of cloud

covering the sky, ranging from 0 to 1) and 6 is the solar zenith angle; y refers to either 4
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or K coefficients and is determined using the values of C;, C,, C; and C41n Table 6.4.
Different sets of coefficients were used for cloudy and clear sky cases. For cloudy sky
cases, the coefficients 4; and K; are determined by ch/ and CI; and for clear sky cases, the

coefficients are determined by cil/ and 6 (Table 6.4).

ke | G |G | C
(a) Cloudy Sky
A 0.026 0.112 0 0.366
Ar -0.009 0.034 0 0.207
As -0.015 -0.006 0 0.188
Ay -0.003 -0.131 0 0.169
K 0.063 -0.015 0 0.082
K, 0.278 -0.562 0 1.02
K3 3.91 -12.91 0 16.62
K4 16.64 -478.28 0 736.56
(b) Clear Sky
A 0.033 0 -0.025 0.419
Ar -0.010 0 -0.007 0.231
As -0.019 0 -0.003 0.195
Ay -0.006 0 -0.004 0.154
K, 0.066 0 0.006 0.066
K, 0.396 0 -0.027 0.886
K; 7.68 0 -2.49 17.81
K4 51.27 0 13.14 665.19

Table 6.4 Linear regression coefficients to calculate A and K parameters using equation
6.8. (a) gives coefficients for the cloudy sky model, which depends on chlorophyll
concentration and cloud amount (b) gives coefficients for the clear sky model, which
depends on chlorophyll concentration and solar zenith angle. This table is the same as
Table 2 in Ohlmann and Siegel (2000).

6.2.1.3 Comparison of the absorption profiles

In this section, the absorption profiles of both schemes were explored.

As shown in Gentemann et al 2009, the nine-band model absorbs strongly in the shallow
depths. Over 50% of solar radiation is absorbed in the top meter (Figure 6.1a). The ratio
of the absorbed radiation also depends on solar zenith angle 6. At zero 6, the absorption
rate is the smallest because the optical path to a given depth is the shortest. The

absorption ratio increases as the zenith angle increases. For 75° 6, 90% of solar insolation
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is absorbed by 10m depth compared to 80% at zero 0.

The absorption profile for the Ohlmann and Siegel (2000) case for clear sky and when
chlorophyll concentration was set to 0.1 mg.m™ is shown (Figure 6.1b). The curve is also
a function of solar zenith angle 6, and we compared it with the nine-band model case. We
can see the curves are very similar to the nine band model, though the absorption ratio in
Ohlmann and Siegel scheme increases less with the increasing solar zenith angles.

The next plot (Fig 6.1c¢) illustrates the influence of chlorophyll concentration on the
absorption in the Ohlmann and Siegel (2000) scheme. The clear sky case was plotted
with solar zenith angle set to zero, but with varying chlorophyll concentrations ckl. The
solar absorption rates for ch/ = 0.01 and 0.1 mg.mare very similar, and quite closely
resemble the nine band model case with zero zenith angle (black line). These levels of ch/
are typical of the open ocean values (e.g.
http://eoimages.gsfc.nasa.gov/images/imagerecords/4000/4097/S19972442003273.jpg).
For chl equal to Img.m™, which is often found in coastal regions and northern high
latitudes, the absorption ratio becomes larger than the nine-band model for all depths
except the very shallow (<0.3m). For chl ranges equal or larger than 10 mg.m™, which
are often found in the coastal zone with upwelling or arctic regions, the absorption
becomes very large. Nearly 100% of the solar radiation is absorbed in the top 6 meters.
The last plot shows the relationship of the cloud amount CI on the absorption profile in
Ohlmann and Siegel case. CI can affect the absorption rate as clouds alter the spectral
distribution of radiant energy. The nine-band scheme absorption rate at zero zenith angles
is similar to those in the cloudy case during low cloud coverage when 0<CI<0.4, however

it is much larger than the cloudy case during medium to high cloudy conditions.
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Figure 6.1 Comparison of the vertical solar absorption profiles using nine-band and
Ohlmann and Siegel schemes. Panel a shows profiles from the nine-band scheme was
shown with different solar zenith angles. Panel b, ¢, d shows the profiles from Ohlmann
and Siegel scheme with varying solar zenith angle, chlorophyll concentration and cloud
index respectively. Nine-band scheme with zero zenith angle are also plotted for
comparison.
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To summarize, the absorption profiles of the nine-band schemes are similar to the
Ohlmann and Siegel cases during clear sky or low cloud cases (cloud fraction less than
0.4), and when chlorophyll concentration is similar to those found in open ocean (0.01-
0.1 mg'm™) cases. For our diurnal warming modeling in the coastal ocean, we can use the
nine-band model for the most cases, except those where chlorophyll > 1 mg-m™, where
the latter should be used. The chlorophyll concentration at the Little Cayman station is
mostly < 1 mg-m™

(http://earthobservatory.nasa.gov/GlobalMaps/view.php?d1=MY 1DMM_CHLORA).
6.2.2 Bottom absorption and reflection

The presence of the sea floor affects the distribution of radiative heat fluxes, as the
substrate will absorb part of the remaining solar radiation, while reflecting the rest. In this
section, we discuss the fractions of incoming solar radiative fluxes being absorbed into
the bottom, being absorbed into the water columns, and escaped back into the air, as a
function of water depth, number of light rays (or numbers of reflections plus one), and
the bottom albedo. We use the nine-band absorption model described in section 6.2.1.
First we set the bottom albedo to be 0.3, which is a reasonable albedo for the coral and set
the solar incidence angle to be zero as this represents the case where the influence of the
corals on the radiation is greatest. We assume that the solar rays are partially reflected at
the bottom and then partial internal reflection at the surface. The water-air reflection
coefficient is set to be 1, i.e., no energy escaped back into the air to represent the worst
case. The coefficient is an estimate, since the amount of energy after the second light path
is quite small, the value is not very important. Moreover, according to Snell’s law, when

the incident angle from the water to air is larger than 48.6°, there is total reflection.
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Figure 6.2 The fraction of total solar fluxes (upper left), bottom absorbed fluxes (upper
right), solar fluxes absorbed by water (lower right) as a function of water depth and
number of light rays in the water. The bottom albedo is set to be 0.3. The fluxes are
shown as fractions of incoming solar radiative flux.

Giving that a large portion of the bottom reflected light will have a large incidence angle,
thus it is reasonable to set the coefficient to 1. How the solar energy is distributed as a
function of water depth and number of the light rays is shown in Figure 6.2. For total
radiative fluxes (upper left), we can see that almost all (>95%) of the solar fluxes is
absorbed either by water or bottom after two reflections, even when the water depth is
Im. Hence, there is no need to consider more than one bottom reflection and one surface
reflection regardless of the water depth. For the deeper water, the total fluxes increase
only slightly with each reflection. But for very shallow depths (e.g. <2m), multiple

reflections are important mechanisms to consider. For instance, the downward absorption
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for the 2m depth water column absorbed about 88% of incoming solar radiation, while
about 94% is absorbed after the first bottom reflection.

Considering bottom absorption (Figure 6.2, upper right), more energy is absorbed at the
bottom for shallower depths. About 12% of the total flux is absorbed by the bottom for
10-m water depth, and up to 35% is absorbed for the 1-m depth water column. The water
absorbed fluxes is also strongly influenced by water depth, only 65% of the flux is
absorbed by the water for 1-m depth, compared to over 85% at 10m depth after two
reflections.

For majority of the Caribbean station where the averaged water depth is 6.5m, we
consider only one bottom reflection. We calculate the fluxes as a function of varying
bottom albedos raging from 0.1 to 0.7. For Caribbean stations, the sea bottom are
categorized as “colonized pavement” which is flat, low-relief, solid carbonate rock with
coverage of algae and coral. So this is probably quite similar to coral sand, which has a
bottom albedo >0.5 (Burns et al 2010).

As shown in Figure 6.3, one bottom reflection is sufficient to attenuate over 96% of the
incoming solar radiation. For a bottom albedo of 0.5, the bottom absorbed flux accounts
for < 10% of the incoming flux, while the water absorbed about 86% of the incoming

flux.
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6.3 Concluding remarks

Three 1-dimensional physical-empirical diurnal warming models are described in this
chapter, including a simple well mixed box model, POSH model, which calculates a
diurnal warm layer depth Dt each step and assumes a wind dependent temperature

profile, as well as ZB model, which parameterizes vertical mixing based on Monin-
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Obukhov theory and assumes the diurnal warm layer to be fixed at 3m. The chapter gives

detailed formulations of these models. Next, two solar absorption schemes are described

and their values and dependence on various environmental parameters are compared. It is

found that the absorption profiles of the nine-band schemes are similar to the Ohlmann

and Siegel scheme during clear sky or low cloud cases (cloud fraction less than 0.4), and

the cases when chlorophyll concentration is similar to those found in open ocean and
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some of the coastal regions (0.01-1 mg-m™). Finally, the chapter quantifies how the heat
fluxes are distributed between water absorption and bottom absorption, given different
bottom albedo values, numbers of bottom/surface reflections and water depths. For a
depth of 6.5m, which is a typical water depth for most of the Caribbean stations, one
bottom reflection is sufficient to attenuate over 96% of the incoming solar radiation. For
a bottom albedo of 0.5, the bottom absorbed flux accounts for less than 10% of the

incoming flux, while the water absorbed about 86% of the incoming flux.



Chapter 7 Diurnal warming simulations for the Little Cayman
station

In this chapter, we report on model simulations of warming using the three models
described in the previous chapters, with the forcing input from Little Cayman station
(LCIY). The modeled temperatures are compared with the in-situ measurements. We
chose the Little Cayman station as the location to conduct our modeling study because of
the simpler environment and more comprehensive measurements. The station has co-
located measurements of light and weather, a five-point vertical thermal profile
measurement in 2011. Also, the station is located in a calmer, well sheltered
environment. Thus it is suitable for the detailed study of 1-d model performance and
necessary model adjustment for the shallow water case.

The model runs are simulated for each day from day 35 (February 4) to day 269
(September 26) in 2011. We use the nine band model for the solar absorption scheme
(Gentemann et al., 2009; Paulson and Simpson, 1981). The model runs reset the warming

to be zero every day at 6am.

7.1 Acquiring downward longwave radiation data

Besides solar radiation, surface fluxes which include latent heat fluxes, sensible heat
fluxes, and longwave radiative fluxes data are needed to calculate heat budget. At LCIY,
the in-situ measurements include most of variables needed to calculate surface fluxes,
except for downward longwave radiation (DLWR). Thus we extract the value for Little
Cayman location from hourly global NCEP Climate Forecast System Reanalysis (CFSR)

data for 2011. As shown, DLWR values ranges from 360 to 440 Wm™ throughout the
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year (Figure 7.1). The variations are caused by those in near-surface air temperatures,
water vapor and clouds (Duarte et al., 2006). DLWR are categorized as surface fluxes as
all of it is absorbed in the first 0.1mm of the ocean.
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Figure 7.1 Downward longwave radiation data for 2011 at LCIY location extracted from
NCEP Climate Forecast System Reanalysis (CFSR) data.

7.2 Model data comparison results: time series case studies

In this section, time series of modeled results from the ZB model (Zeng and Beljaars
2005) , box model, and the POSH (Gentemann et al 2009) model are compared to the
logger measurements, along with the environmental variables including wind, solar
insolation, rain and calculated fluxes (Figure 7.2).

The time series from day 44 to day 54 are shown first. The daily wind maximum
exceeded 10 ms™ for 8 out of 10 days. Due to the strong wind, the latent heat flux is large
which causes the total heat fluxes to be ~500Wm™ for most of the days. For heat fluxes
input of such amplitudes, the ZB and POSH models produced very little warming
(<0.1K); while the measurement data actually shows the water warms up evenly

throughout the column, ranging from 0.2 to 0.5K daily. The box model, on the other
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hand, was capable of simulating the warming with similar amplitudes as found in the
data, although we noticed the model predicted too much cooling by the end of the day
during strong wind cases.

The time series from day 76 to day 86 are discussed next. The first five of the ten-day
period has very large wind speed of over 10 ms™, so again the ZB and POSH models
produced very weak warming (<0.1K). The box model produces diurnal warming
amplitude closer to the measurements, and loses too much heat at night. The maximum
wind speeds for the next five days are around 6-9 ms™.The calculated total heat fluxes
ranged from 800 to 1000Wm™. For this range of wind speeds, the ZB model produces
sharp heating peak at amplitudes comparable to those measured by the shallowest logger.
However, the warming peak occurs 2-3 hours earlier and is very narrowly located
temporarily compared to the measurements. For the box model, the timing and amplitude
of the warming are close to that in the data. However, box model produced a gradual and
insufficient cooling during this period. The POSH model produced smaller warming than
the measurements, especially for the near bottom depths, though the timing of the peak
warming is similar. A sharp temperature increase on day 82 is shown in the data; this is
possibly due to the very brief rainfall during this time. It is possible that a fresh water lens
from the rain could form on ocean surface. And since after the rainfall the solar radiation
remains very strong, then a stable thin layer can be rapidly heated up thus surface
warming suddenly increased. This phenomenon has been reported by previous research
(Webster et al., 1996). Notice the measurement data only show this abrupt increase of the
temperature at the near surface depths, because the rain amount is small and the rain

event is brief. The simulation of rain is not set up in our models at this stage, so this event
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is not reflected in the model results.

Examining the time series from day 130 to 140, the first four and last three days of the
ten-day period have intermediate wind speed of between 5 to 9 ms™, so the model
behaviors are similar to the period between day 82 to 85. Focusing on day 134 to day
136, where the maximum winds are below 5 ms™, logger-measured temperatures show
clear thermal stratification. Both the ZB and POSH models produced larger surface
warming than that from the shallowest logger (note the different y-axis scales in Figure
7.2). This is understandable since the surface SST (which is produced by the ZB and
POSH models) could be much larger than subsurface temperatures at 1m or deeper
(which are measured by the shallowest logger) under low wind speeds, however, the ZB
model seems to be produce extraordinarily large warming peaks, 1.5 to 2 times those of
the POSH model. The temperatures produced by the POSH model are smaller compared
to logger data for individual sub-surface depths. The temperature simulated by the box
model is smaller than measured by the top loggers, but often larger than measured by the
mid-depth and bottom loggers. The inability of the box model to reproduce thermal

signals is expected as the water is far from well mixed.
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Figure 7.2 Time series of modeled and measured temperature time series for three sample
periods. X-axis is the year day in 2011. For each sample period, the top panel is wind
speed in ms™ and rain amount in mm. The second panel shows sensible heat flux Hs,
latent heat flux Hl, downward net longwave flux, net surface heat fluxes (=Hs+HI+net
longwave), shortwave radiation SW, and total heat fluxes, all in unit of Wm™. The third
panel shows the temperature measurements at 1.3m, 1.5m, 2m, 4.6m and 7.2m. The
fourth panel shows the surface temperatures simulated by the Zeng and Beljaars 2005
model. The fifth panel shows the temperatures simulated by the simple box model. The
bottom panel shows the temperature measurements at 1.3m, 1.5m, 2m, 4.6m and 7.2m as
well as the surface temperature simulated by the POSH model.

The following table summarizes the results from comparing the model simulated

temperature time series with the data.
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Box model ZB model POSH
High winds days | Modeled DW Model produces | Model produces well-mixed
(Umax>9ms™) amplitudes almost no profile, and produced almost

compare well with
data, cooling is too

warming, very
different from

no warming, very different
from the data.

fast the data.
Intermediate Modeled DW Modeled Model produces stratified
wind days amplitudes amplitudes are vertical profiles. Overall the
(5 ms™' <Upax compare well with | very sensitive to | amplitudes are similar to or
<9ms™) data, cooling is too | winds. The smaller than the

slow. Residual
heat remains by
6am on the next
day.

modeled results
are closest to the
data in this
range. However
the peaks occur
earlier and are
much narrower.

measurements.

Low wind days
(UmaXSSmS'l)

Modeled
amplitudes are
much smaller than
the shallow
loggers and of
similar amplitude
or larger than
deeper loggers.
Cooling is slower
than in the
measurements

Modeled peaks
are much larger
than the top
logger data peak,

and occur earlier.

Model produces stratified
vertical profiles. The
modeled surface warming is
larger than the shallow
logger measurements, but
smaller that ZB results. For
the measurements depths,
modeled amplitudes are
smaller than in the
measurements.

Table 7.1 Result summaries from model-data time series comparisons.

7.3 Model data comparison results: histograms of the warming amplitude, timing

and shapes

In this section, we summarize the diurnal warming characteristics for the model results

and measurement data for the entire time periods where data are available, i.e., from day

35 (February 4™) to day 269 (September 26) in 2011. We use histograms to illustrate the
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distribution of warming amplitudes, timing, as well as the lengths and shapes of the

warming and cooling phases.

7.3.1 Distributions of the diurnal warming amplitudes
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Figure 7.3 Histograms of the daily diurnal warming amplitudes of the logger
measurements at 1.3 m (top logger, panel 1) and 7.2 m (bottom logger, panel 2), the ZB
modeled surface temperature (panel 3), box model simulated temperature (panel 4), the
POSH modeled temperature at 1.3 m (panel 5) and the POSH modeled temperature at 7.2
m (panel 6). X-axis is the daily warming amplitudes in K.

The histograms of the daily diurnal warming amplitudes for various model outputs and
measurement data are very revealing.

For measurements at 1.3m, the warming amplitudes mostly range from 0.3 to 1K. There
are no days without warming, and the largest daily warming is just over 2K. For the
measurements at the deeper 7.2 m depth, the amplitudes mostly range from 0.3 to 0.5K.

Again, there are no days with no warming. This is an important trait to notice when
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comparing to model results.

Histograms of the ZB models show a very different distribution of warming amplitudes.
The majority of the days have warming amplitudes smaller than 0.3K, among which a
large number of days have minimum warming. At the other end, very large diurnal
warming amplitudes occurred on several days with the largest warming approaching
3.5K, much larger than the measured temperature at 1.3m. This obviously corresponds to
the low wind days such as day 134 to 136 shown in Figure 7.1.

The histogram of the box model simulations shows a distribution quite similar to the
temperature measurements at 7.2m. The warming ranges are within 1K, and not very
variable, and every day there is some degree of warming.

For the POSH model, the simulated temperatures at 1.3m are generally smaller than the
temperature measurements at the same depths. Particularly, there are many days with the
warming amplitudes close to zero. The simulated temperatures at 7.2m are much smaller
than the measurements at the same depths, and also much smaller than the simulations at
1.3m. In fact, the simulated daily warming at 7.2m is smaller than 0.1K for 65% of days.
Given the fact that the surface temperature from POSH model is usually very large during
the low wind condition (figure 7.2), this is an indication that POSH model does not allow
enough heat to be transported downwards for our coastal cases, resulting in very large
discrepancies in daily warming amplitudes across the depths. According to the
measurements, the thermal differences between depths are much smaller, probably due to

more energetic vertical mixing at the coastal regions.
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7.3.2 Distributions of the diurnal warming peak time
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Figure 7.4 Histograms of the daily diurnal peak times of the logger measurements at 1.3
m (top logger, panel 1) and 7.2 m (bottom logger, panel 2), the ZB modeled surface
temperature (panel 3), the box model simulated temperature (panel 4), POSH modeled
temperature at 1.3 m (panel 5) and POSH modeled temperature at 7.2 m (panel 6). X-axis
is the local time.

In this section we compare the distributions of the timing of the daily peaks between
measurements and the model results. For the measured data, the shallowest and deepest
loggers peaked around the same time. On average, the ZB modeled temperatures tend to
reach the daily peak about 2.7 h earlier than the measurements, while the box model, on
average, lagged the measurements about 0.3 hours. For the POSH model, the shallower
depth simulated temperatures reach the daily peak 1.5 h earlier than the measurements,
while the deeper depths simulated temperatures reach the daily peaks about 1 h later than

in the measurements. As we can see in the sample cases time series (Figure 7.1), a later
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peak in diurnal warming in deeper water depths is a common feature shown in the POSH
simulations. This reflects the physical mechanism that during the cooling phase, the near
surface layers lose heat from the surface and vertical convective mixing transports the
heat down, thus the deeper depths continue to rise in temperature, resulting a lag in the
warming peak. For this coastal site, this behavior is not seen in the data.

7.3.3 Lengths and shapes of diurnal warming and cooling phases

As we have seen in the sample time series (Figure 7.1), the lengths and shapes of the
diurnal warming and cooling phases differed greatly between measurements and various
model results. For instance, the ZB model predicted a large amplitude and short duration
warming curve with an equally short cooling curve, while the cooling curves from the
box model are much longer, and of equal or smaller slopes compared to the warming
curves.

In this section, we compare these characteristics from each measurement and model
cases. First, we chose the ratio of 0.7, to find the local time where 70% of the daily
warming peak was reached before and after the daily peaking time, tyax.

Then we calculate the time between local peak tmax and the local time when 70%
warming peak was reached for each day, and plotted the histograms to study the
distributions of this time length L, (Figure 7.5 top panel). Similarly, the time, Laown
between peak and when 70% warming peak was reached during the cooling curves are
also plotted (Figure 7.5 middle panel). Finally, we compared the logarithmic ratio of the
Lgown/Lup, to illustrate the symmetric features of the warming and cooling curves for

measurements and model results (Figure 7.5 bottom panel).
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Figure 7.5 Histograms of the diurnal warming and cooling curves. Local time tpayx is the
time when the daily peaks were reached. For the box model plots, the red bars indicated
the days where 70% peak were never reached during the cooling phases, before the next
day at 6am when the model was reset. X-axis is the value of log (Lgown/Lup)-

For the warming phase time length L,,, we noticed all models except box model behaved
similarly to the measurement data. The ZB model has fewest extreme cases where the
warming takes more than 5 hour. The box model, on average, takes the longest to warm
up. The majority of cases took around 4 hours for the box model, as compared to around
2 hours for other models.

For the cooling time Lgown, the box model takes the longest time to cool down; for 19% of
the days, 70% of the peak temperatures was never reached during the cooling phase
before next day at 6am when the model was reset (red bar in Figure 7.5). This is related
to the insufficient cooling we have seen in the sample time series. The ZB model reaches

the 70% value the fastest, with an average of 1.4 hour. The POSH model predicts the cool
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down times reasonably well compared to the measurements. The average Lgown time
length is 2.67 hour and 1.75 hour for 1.3m and 7.2m for the POSH model, as compared to

2.48 hour and 3.45 hour for the measurement data at the same depths.

L
The ratio a = log(%) shown in the third panel of figure 7.5 is an indication of the
up

symmetry of the warming and cooling phases. A ratio of 0 indicates the warming and
cooling phases are symmetric, by this measure. A ratio of < 0 indicates that cooling is

shorter than warming. Only the ZB model has an average faster cooling than warming

rate with a median of

L
—L”’”W” ) = 0.8. The POSH model compares well to the data. The

up
: Ldown :
median value of 7 is 1.25 and 1.5 for the depth at 1.3m and 7.2m, as compared to
up
the measurement data value of 1.3 and 1.3 for the same depths. The box model has the
slowest cooling process, just counting the 81% days during which 70% of warming peaks

are reached, the cooling process is 2.1 times of the warming process.

7.4 Model adjustment for shallow water cases

During the high wind conditions, the box model gives reasonable results compared to the
measurements. However due to the model setup, the box model cannot correctly resolve
any thermal stratification. The POSH model can simulate thermally stratified profiles, but
the calculated warming is too concentrated in the shallowest meter. The model produced
large warming at the surface, and not enough warming at depths when compared to
measurements. So, in this section, we first adjust the calculation of POSH diurnal warm
layer depth and the thermal profile to test if and how the model performance can be

improved for the coastal studies.
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We will also attempt to improve the box model performance. While the box model
produced the warming amplitudes reasonably well during intermediate to high wind
conditions, there is usually excessive cooling during high wind cases, and excessive
warming left during intermediate wind cases by the next day at 6am. The relationship
between wind speeds and residual warming could be put into an empirical formulation, in
order to improve box model performance.

Moreover, the model runs have not considered the effects of the bottom reflection of
solar radiation. In this section, we will investigate whether the inclusion of bottom
reflection improves the model results.

7.4.1 POSH model adjustment

As shown in the model data comparison, the POSH model produced very large warming
near the surface, but the warming did not penetrate down enough when compared with
shallow water data. Two items can be altered in the model formulation to increase the
warming at depth. The first adjustment is to increase the diurnal warming depth D. The
second is to change the vertical shape of the warming profile, so that more heat is
transported deeper.

Another common problem for the shallow water case in the model formulation is that the
diurnal warming depth is often larger than the actual water depth, especially during the
cooling phases. As the original POSH model does not consider any bottom, using the
original modeled profiles for the shallow water means simply neglecting any heat at the
depths lower than water depth. In this section, we devise a method to take into account
bottom effects in POSH:

a) Change the vertical temperature shape of the wind dependence by increasing the value
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of a in Table 6.1 and equation 6.2 (Table 7.2, Figure 7.6).

9.5 =
As shown in Figure 7.6, the larger a value in the AT(z) =e (DT formulation results in

a well-mixed near surface layer and larger thermal gradient near the bottom of Dr. For

the same Dr value, heat is concentrated closer to the bottom.

wind speed (ms™) original values of a new values of a
<=1.5 2 15
3 3 15
4.5 5 15
6 7 30
>=7.5 9 50

Table 7.2 Increased values of a in the vertical thermal profiles in POSH.
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Figure 7.6 The normalized vertical temperature structure of diurnal warming

95| =
AT(z)=e (DT) for values of ¢ ranging from 1 to 50. The y-axis is the normalized
depth D/Dr.

b) Well mixed bottom assumption

For situations where Dris larger than water depth, we calculate a well-mixed bottom
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layer from depth z to the bottom depth. The depth z is determined so that the heat content
between z and bottom depth equals to the heat from z to the Dy in the original POSH
calculation, i.e. heat is conserved in the water column.

¢) Simply increase the diurnal warming depth Dy

2RiCp T

The diurnal warm depth is calculated as D, = < where 7, is the
"V agp O,

accumulated wind stress, which represent the mechanical turbulence mixing by wind. In
the coastal region, vertical turbulence mixing is generally stronger than in the open ocean
due to the tidal mixing, the existence of the bottom or mixing from wave breaking. So we
adjusted the model by increasing D to say 1.5Dr, which is an arbitrary number at this
point, just to check quantitatively how the increase impacts the warming profile.

d) Combine the increase of Dt and well-mixed bottom layer calculation

The last adjustment basically combined the increase of Dyto 1.5Dr and the mixed bottom
layer calculation.

The modeled time series after four types of adjustments as listed above in comparison
with the in-situ data and original POSH model runs are shown in figure 7.7.

For the intermediate wind cases, we examine day 130 to day 133. The measured warming
1s ~0.5K, and the temperatures at all the measure depths are similar. The original POSH
model produced ~0.5K warming at the depths of the three near-surface thermometers.
The model predicted large thermal stratification, with ~0.2K warming at 4.6 m and no
warming at 7.2 m. Changing the profile coefficient resulted in smaller simulated warming
near the surface, but the thermal stratification issue remained, so it is worse than the
original model results. The mixed bottom assumption returns very similar results to those

of the original model, with slight warming at 7.2 m. This is probably because during
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intermediate and low wind condition, the diurnal warm layer, Dr, is generally less than
the water depth, thus there is little difference from the original model runs. The model
results improved significantly with the increase in the Dr value, with the warming at 4.6
m increasing to almost 0.5K and at 7.2 m by ~0.2K. The last method, which combines the
increased Dt and bottom mixed layer, improves the results even more.

For the low wind cases, we look at day 134 to day 136. The measured warming at the
three near surface depth is ~1K with slight stratification among them and ~0.5K warming
at 4.6 m and 7.2 m. The original POSH model overestimated the warming at the surface
(shown in Figure 7.2), but significantly underestimated the warming at the sub-surface
depth with only 0.5K at the top three logger depths. Changing the profile coefficient
caused the warming to be even lower, thus making it worse. Assuming a well mixed
bottom boundary layer did not improve the results either, as the diurnal warm layer depth
Dris never larger than the water depth. Again, increasing Dt helps the most in terms of
increasing the warming amplitudes at near-surface depths and 4.6m. However, it predicts
no warming at 7.2m, whereas some warming (~0.5K) was measured.

To summarize, among the adjustments to POSH model for the low and intermediate wind
conditions, increase the diurnal warm depth D is mostly effective, though it still could
not predict warming near the bottom. A well-mixed bottom layer itself does not improve
the model results significantly, but combining it with the increased Dt provides the best
model improvements. Changing the coefficient in the temperature vertical profile

formulation makes the simulations further from the measurements.
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Figure 7.7 Time series of temperature measurements and POSH original and adjusted
model output. X-axis is the year day in 2011. The top panel is wind speed in ms™ and rain
amount in mm. The second panel shows sensible heat flux Hs, latent heat flux HI,
downward net longwave flux, net surface heat fluxes (=Hs+HI+net longwave), shortwave
radiation SW, and total heat fluxes, all in unit of Wm™. The third panel shows the
temperature measurements at 1.3 m, 1.5 m, 2 m, 4.6 m and 7.2 m. The fourth panel shows
the original POSH model output at 1.3 m, 1.5 m, 2 m, 4.6 m and 7.2 m. The fifth panel
shows the modified POSH output with the profile coefficient a altered (Table 7.2). The
sixth panel shows the modified POSH output assuming a well-mixed bottom layer. The
seventh panel shows the modified POSH output with diurnal warm layer depth Dy
increased to 1.5 times. The bottom panel shows modified POSH output with increased
diurnal warm layer depth Dt and well-mixed bottom layer.

7.4.2 Box model adjustment
While the box model produced reasonable amplitudes of warming during the

intermediate and high wind speeds, there are usually excessive modeled warming by the
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end of the diurnal warming day (6am next day) for days with weak to intermediate wind
speeds (Unax<9ms™), and excessive modeled cooling for days with high wind speeds
(Umax29ms™).

It is found that the end-of-day warming/cooling discrepancies between model outputs and
measurement data are closely linked to the wind speeds. Because of the relationship, it is
possible to devise a box model correction term based on wind speeds. Moreover, if we
look at the averaged wind speeds, the averaging periods from 4pm to next day 6am, and
the averaging periods from Oam to 6am, produced similar relationships between residual
warming and average wind speeds (Figure 7.8). Given the similarity, from a modeling
point of view, it is beneficial to use the averaging periods from Oam to 6am, as shorter
time ranges means less requirements for wind data measurements. Thus we will use the
wind from Oam to 6am to derive the empirical model correction term.

Using a linear relationship, the simple formulation linking residual warming and average
wind speeds is

T

residual

=-0.0601* wind +0.485 equation 7.1
where wind,,, refers to wind averaged over 0am to 6am next day, and Tregidual 1S the
temperature difference between the modeled temperature and measurement at 6am next

day. The mean standard error of this linear fit is 0.025K.
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Figure 7.8 The scatter plots of the end-of-day warming discrepancy versus averaged wind
speed for a certain time periods later in the day. Note one diurnal warming day is defined
as from 6am to 6am next day. The y-axis is the residual warming of the box model
simulation by the end of the day compared to measurement data. The x-axis is average
wind speed value for the given periods. The upper plot shows the averaged wind speed
from the Oam to 6am, while the lower plot shows the averaged wind speed from the 4pm
to next morning 6am.

The correction is then added to each hour after Tax Was reached, i.e., during the cooling

phase. Assuming the cooling curve resembles a straight line starting from Tpax at tmax to
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Tresidual @t 6:00 next day for the modeled output, while the “correct” cooling curve
resembles a straight line starting from temperature Ty« at local time tp, to 0 (no

warming, clean slate) at next day 6:00 as the desired output. Then

30-1)%T._ )
correct — M equatlon 7.2
30-1¢,..
and
t—t )x(T. . -T . .
T et = T — 0 F) * O = Vet equation 7.3
30 - tmax

where t is the local time ranging from tn,x (local time of the daily warming peak) to 30
(next day at 6:00).

Thus the empirical correction term for the box model is

t—t_ )T . .
AT()=T,,..(1) = T osurea () = _{ 3"8X)t residual equation 7.4

Figure 7.9 shows how well the warming/cooling biases are corrected after applying the

correction.
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Figure 7.9 The time series of the box model original output versus the output after adding
the empirical corrections.

7.5 Concluding remarks

In this chapter, the three models described in Chapter 6 are used to simulate the warming
at the Little Cayman station, and the results are compared with in-situ measurements. We
found that ZB model either produced warming of very large amplitudes (2-3 times of the
measurements) during low wind cases, or almost no warming during high wind and
intermediate wind cases. The simple “box model” simulates daily warming amplitudes in
moderate (5 ms”' <Upmax <9ms™) and high wind (Upec>9ms™) conditions well, but cools
too quickly in high winds and too slowly in moderate winds. POSH model produced best
results among three models during low wind conditions (Upa<5ms™), but too much heat
is concentrated near the surface, while not enough heat propagates down. Empirical
adaptations are made for POSH and box models, leading to some improvement in their
performance. Further improvements will require higher vertical resolution of temperature

measurements, as well as information on bottom fluxes.



Chapter 8 Satellite and in-situ temperatures in the Great
Barrier Reef region

Coastal thermal features, such as diurnal warming and its implications on coastal
ecosystems, are most conveniently studied by remote sensing techniques. Sea surface
temperature is one of the most mature satellite products and among the most important
atmospheric-oceanic variables for oceanic environments monitoring. With the
increasingly higher spatial and temporal resolution, satellite SST is becoming more suited
to study coastal features. The goal of this chapter is to assess the accuracy of various
satellite SST products by comparing them with in situ temperature measurements, to
explore various dependence of the bias errors, including coastal features, as well as to
examine the diurnal warming features in the satellite data, especially those from
geostationary satellites, and to determine whether they are appropriate to predict the

temperatures at the depths of the corals.

8.1 Materials and methods

8.1.1 Satellite data

The satellite SST extracted for the study is for the Great Barrier Reef region, and for the
periods of January 1% to April 30", 2010, which is during summer and autumn seasons in
the Southern Hemisphere.

The SST data we use are partly from the comprehensive “TWP+” dataset, which is
designed to facilitate the study of the diurnal warming in the tropical warm pool region;
data are available for January to April in 2009 and 2010

(https://www.ghrsst.org/ghrsst/tags-and-wgs/dv-wg/twp/). For our coastal studies, 0.02°

110
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twice-daily SST’s derived from measurements of the AVHRR’s on polar orbiting NOAA
17, 18, 19 satellites and 0.05° latitude and longitude, hourly fields from the geostationary
MTSAT were used, both in Level 3 format (Table 8.1). The SST data have been validated
against temperatures from local drifting buoys and moorings, and their regression
algorithms were adjusted accordingly. The resulting sub-surface SST is then converted to
skin SST by simply subtracting a constant 0.17 K, following an algorithm used in
Pathfinder SST (Helen Beggs, Australian Bureau of Meteorology, personal
communications). In addition, level-2 MODIS 1km Aqua and Terra data were obtained

from NASA’s OceanColorWEB data archive (http://oceandata.sci.gsfc.nasa.gov/).

Data platform Temporal resolution Spatial resolution
and processing level

MODIS Aqua, level 2 Twice a day. Satellite overhead time | 1km
(SOT) is at about 1:15 and 13:40
local time (LT), but changes a little
from day to day. Different stations
also vary a little

MODIS Terra, Satellite overhead time (SOT) is at lkm
level 2 about 10:50 and 22:10 UTC

NOAA17, level 3 SOT is about at 9:20 and 21:00 LT. | 0.02°
NOAAI18, level 3 SOT is about at 1:45 and 13:55LT. | 0.02°
NOAA19, level 3 SOT is about at 2:00 and 14:40 LT. | 0.02°
MTSATIR Every hour 0.05°
In-situ loggers 10 minutes (30 for Cleveland Bay) n/a

Table 8.1 Spatial and temporal resolution of the satellite and in-situ datasets.

8.1.2 In-situ stations

Nine in-situ locations are used to compare with satellite SST data for the same time
period. Among them, Davies Reef, Cleveland Bay, and Myrmidon Reef are also located
near an automatic weather station (AWS), and thus there are also measurements of
weather conditions, including air temperature, wind information (speeds and directions)

and light measurements (PAR). The other six stations are located to the southern end of



GBR. The station names are Barren Island (BARRSLI1), Elusive Reef (ELUSIVEFLI1
and ELUSIVESLI), Half Tide Rocks (HALAWS), North Keppel Island (NKEPPSL1)

and Pelican Island (PELFL1). The in-situ data at each station are from the bottom-

mounted loggers, thus their depth varies.
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Figure 8.1 Maps for the 9 in-situ station sites, for which the satellite SST were extracted.

8.1.3 Matchup procedure

For each in-situ station, the satellite SST data were extracted. For NOAA 17/18/19 L3

composite data, the nearest pixel is first examined. If there were no SST data available

(most likely due to cloud cover), the search radius was expanded, so that the pixels with
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the latitude and longitude no larger than 0.02° from nearest pixel were used. SST data
from those pixels were used if available. For the MTSAT data, SST from the nearest
pixel is used if available. For MODIS L2 swath data, SST was extracted for the in-situ
data if there is a pixel within 0.01 degree both in latitude and longitude from the
station.

When extracting the SST, we selected pixels with a quality flag no smaller than 3 (value
3, 4 and 5 with 5 being highest quality) from NOAA AVHRR SST. For MTSAT, we use
pixels with the proximity quality flags no smaller than 5, i.e., the best quality cloud free
pixels. The value of the proximity flag is here defined as numbers of pixels from the
nearest cloud (Leon Majewski, Australian Bureau of Meteorology, personal
communications). For example, a pixel with the proximity flag of 5 means the nearest
cloud is 5 pixels, i.e., 20km away. For MODIS, the quality flag values are different. A
smaller value means less chance of cloud contamination (0 is best quality, 5 is worst
quality). We only chose the pixels with quality flag values of 0 and 1. The number of
resulting SST matchups for each in situ station is shown in Table 8.2. Each polar orbiting
satellite has a total of matchups between 300 and 400. Cleveland Bay has far fewer
matchup points due to its proximity to the land, which is only about 13 km away.

MTSAT has 3287 matchup points combining all stations.



114

In-situ Latitude | Longitude | depth | Number of SST data points for the 4-month/120-day
stations (m) periods
NOAA | NOAA | NOAA | MODIS | MODIS | MTSAT
17 18 19 Aqua Terra
Davies Reef | -18.807 | 147.669 4.4/9 | 47 45 30 67 72 433
Myrmidon -18.258 | 147.382 7/19 | 42 36 32 43 89 380
Reef
Cleveland -19.122 | 146.880 0 14 11 7 0 0 448
Bay
BARRSL1 -23.158 | 151.071 9 50 64 49 26 35 361
ELUSIVEFL1 | -21.104 | 152.765 2 43 55 49 86 67 454
ELUSIVESL1 | -21.104 | 152.765 10 43 55 49 86 67 454
HALAWS -23.154 | 150.938 6.5 33 39 35 48 42 251
NKEPPSL1 -23.086 | 150.903 8 31 48 43 7 11 274
PELFL1 -23.239 | 150.874 4 41 61 46 66 55 232
Total Matchup points for each satellite 344 414 340 429 438 3287

Table 8.2 Number of good quality SST data points extracted from different satellite

platforms at each in-situ location for the 120-day study periods.

8.2 Comparing in-situ temperature and SST: sample time series and statistics

In this section, we compare SST from different satellite instruments with the in-situ data.

8.2.1 Sample time series

Sample SST and in-situ temperature time series for a 20-day time period are shown for

each station in Figure 8.2. SST from different satellite instruments compare well with the

in-situ temperature data. For most stations, there are more SST measurements during

days 62 to 68 of 2010 than other time periods. These are “clear sky” days where cloud

contamination was absent. For the purposes of our diurnal warming study, we focus on

these days.
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Figure 8.2 SST and in-situ temperature at each station for a sample 20-day period. SST
from NOAA1-7, -18, and -19 are all shown as diamond symbols. SST from both MODIS
Aqua and Terra satellite are shown as star symbols.

8.2.2 Comparison of satellite-derived SST and in-situ temperature

The mean differences between SST from different satellites and in-situ data are small,
with values no larger than -0.14 K, except for NOAA-17. The standard deviations are all
smaller than 0.75 K, which are better than or comparable to similar coastal validation
results (Li et al 2001, Park et al 2014, Xu and Ignatov 2014). It is also interesting to
notice that for similar satellites (NOAA series or MODIS series), the morning

overpassing satellites (NOAA-17 or MODIS Terra) have a larger negative bias when
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compared to in-situ data than the afternoon overpassing satellites (NOAA-18, -19 or
MODIS Aqua). This result is likely due to the effect of the diurnal warming. The surface
temperature (SST) during afternoon is warmer than the measurement data at depths,
whereas during the morning hours, the difference is small or zero. The biases are also

shown to be quite stable throughout the in-situ temperature ranges (Figure 8.3).
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Figure 8.3 Comparisons of differences (satellite — insitu SST) as a function of the in-situ
SST for each satellite instrument. The number of data points, bias and standard deviation
are given in each panel.

The polar orbiting satellites pass each station location twice a day, once during the day
and again at night. Thus, it is useful to calculate the statistics for day and night separately
(Figure 8.4). The daytime is defined here as from 6:00 to 18:00 local time, while the
nighttime is from 18:00 to next day 6:00. Since all the locations are within 25° from the
equator, the annual change of the sunrise/sunset time is small. For all the satellites except
MODIS Terra, the nighttime temperature standard deviation is smaller than during the
daytime. NOAA-17 has much more negative bias during daytime than nighttime. The
reason is that NOAA-17 has an overpass time of ~9:20 during the day and ~21:00 at
night. For a typical day when the diurnal warming is present, the ocean heats up
gradually in the morning, and often the warming remains well after mid-night. This might
explain why the daytime bias is smaller than nighttime bias for NOAA-17. Given that
NOAA-18 and NOAA-19 have a daytime overpass in early afternoon, we expect the

daytime bias to be larger than nighttime bias. However, the day night bias differences are
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quite small for both NOAA-18 and NOAA-19. The daytime bias is slightly smaller than
the nighttime bias for NOAA-18, and the daytime bias is slightly larger than the
nighttime bias for NOAA-19. For MODIS Aqua and Terra, the daytime bias is much

larger than the nighttime bias.
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Figure 8.4 Comparisons of daytime and nighttime differences (satellite — insitu SST) as a
function of the in situ SST for each polar orbiting satellite platform. Note that the day
night is defined as from local time 6:00 to 18:00. The number of data points, bias and
standard deviation are also given.

8.3 Diurnal warming signals

Having shown that satellite-derived SST’s are of reasonable accuracy when compared
with in-situ data, we next explore their use to study the diurnal warming at the GBR.
8.3.1 Diurnal warming signals in satellite-derived SST’s

To examine whether satellite-derived SST’s exhibit diurnal warming cycles, hourly bin-
averaged SST and the related 95% confidence intervals were calculated (Figure 8.5). We
found that for several stations, including Davies Reef, Myrmidon Reef and Cleveland
Bay, the SST data from geostationary satellite MTSAT show clear diurnal warming
cycles. For these stations, daily maximum temperatures occur around 13:00 to 14:00,
while the lowest temperatures occur around 6:00, which is similar to previous findings
for the open ocean (e.g. Gentemann et al 2008). The temperature differences range from

1.5 K on average (Davies Reef) to 2.5 K on average (Cleveland Bay). At Davies Reef and
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Myrmidon Reef, MODIS Aqua and Terra SST’s compare well with those from MTSAT.
SST’s from the NOAA series AVHRRS’s compare well with MTSAT data during night
and morning. However, for the afternoon points, the MODIS Aqua data compare with
MTSAT better (up to 1K difference at Myrmidon Reef) than the NOAA-18 and -19. Bin-
averaged SST’s from the polar-orbiters at Cleveland Bay are difficult to compare with
MTSAT as there are no (MODIS series) or very few (NOAA series) data points,
presumably due to proximity to land (Table 8.2).

BARRSLI station shows an almost flat daily curve. The lowest temperature from
MTSAT is at 8am, after that there is gradual warming but the amplitude is relatively
small. NOAA-series SST’s compare better with MTSAT than MODIS data for this
location. The SST plots from ELUSIVEFL1 and ELUSIVESLI are essentially the same,
as these are two measurement series along the same reef. There is a very slight daily
warming of about 0.5K, with the lowest temperature occurring in the night and early
morning (2:00-8:00), and slightly higher temperature later in the day (10:00-18:00). The
SST’s derived from measurements from polar-orbiting and geostationary satellites
compare with each other well at these two locations. The MODIS Aqua data during the
night are binned into three time bins, and we should not pay much attention of the two
side ones as those contain very few data thus larger error bars, rather the important one is
the bin average value in the middle with majority of the data. The bin average of the
middle bin is comparable to other SST measurements.

The last three stations including HALAWS, NKEPPSL1 and PELFL1 do not show an

obvious daily cycle, as shown in the geostationary and polar orbiting SST.
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Figure 8.5 Averaged daily temperature evolution captured by different satellite
instruments at each station. SST’s from different satellite instruments are divided into
hourly bins according to local time. The average temperature for each hour is shown by
circles, while the 95% confidence intervals are shown by error bars. Note that polar-
orbiting satellites cross each location twice a day, but the overpass times vary which
leads to two or three adjacent bins being occupied. The bins with a larger confidence
error generally result from few data points, and should be considered less important.

8.3.2 Comparing diurnal warming signals in SST and in-situ data

In this section, we examine how well the characteristics of diurnal warming signals, both
in amplitude and timing, are captured by different satellite instruments, by comparison
with in-situ temperature measurements. For this we first concentrate on MTSAT SST’s,
to examine whether daily warming features shown at each station are consistent with the

in-situ temperature measurements.
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Comparing the bin-averaged daily temperatures captured by MTSAT and in-situ loggers,
we find in-situ data showed similar diurnal warming features for each station as MTSAT,
as shown in Figure 8.6.

For Davies Reef, Myrmidon Reef and Cleveland Bay stations, the in-situ data showed
similar diurnal warming timing as MTSAT data. Daily maximum temperatures occur
around 13:00 to 14:00, while the lowest temperature occurs around 6:00. The Cleveland
Bay stations have almost the same average daily warming curve for the MTSAT SST and
in-situ data, indicating MTSAT compares closely both in absolute temperatures and in
diurnal warming amplitudes to the in-situ measurement. This could be explained by the
fact that Cleveland Bay in-situ measurements are located in very shallow water, just
below the lowest tide, so the surface SST and bottom measurements are not far apart.

For Davies Reef and Myrmidon Reef, the averaged daily warming amplitudes from
MTSAT, i.e., the maximum minus the minimum daily temperature, is larger than the
amplitudes at the measurement depths. This makes sense as the surface warming
amplitudes tends to be larger. However, the absolute values of the in-situ temperature do
not always compare well with satellite-derived SST’s. For instance in Davies Reef, the
in-situ temperatures are is up to 0.5K higher than the MTSAT data. Considering the in-
situ data are measurements on the reef at 4.4-meter depth and SST’s are at the sea surface
measurement, we expect the in-situ temperatures to be less than the SST’s; there appears
to be a bias in the satellite-derived SST. One of the possible explanations of such absolute
bias is atypical atmospheric profile such as low moisture content (Szczodrak et al 2014),
however, it is hard to verify in this study. In summary although the absolute SST might

be biased at individual stations, the diurnal warming amplitudes can still be derived with
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reasonable accuracy.

At the BARRSLI station, the absolute in-situ temperatures measured at 9m depth are
about 1K less than the satellite-derived SST’s for the most of day. This could either due
to a error in SST retrieval, or the in-situ instrument is faulty. We noticed that the in-situ
temperature pattern are very similar, which makes sense due to the closeness in distance
between BARRSLI station and the last three stations. Thus it is more likely that the SST
has bias error.The temperature did not show a typical diurnal warming pattern, similar to
that shown in the MTSAT data. For the reef flat and reef slope stations at Elusive Reefs,
the reef flat measurements at 2m depth are almost the same as the MTSAT
measurements, while the afternoon reef slope measurements at 10m is slightly lower that
the MTSAT retrievals. Both the in-situ measurements and MTSAT data show a slight
(<0.5K) daily warming.

For the remaining three stations, in-situ measurements also do not show obvious daily

warming signals, similar to findings from MTSAT data.
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Figure 8.6 Averaged daily temperature evolution captured by in-situ loggers at the sea
bottom (empty circles) compared MTSAT SST (filled circles) for each station.
Temperature measurements are divided into hourly bins according to the local time. The
average temperatures for each hour are shown by circles, 95% confidence intervals are
shown by error bars.

Next we compared the in-situ measurements at each location with SST’s from polar
orbiting satellites. Since the polar orbiting satellites produce at most only two
measurements every day at a given location at these latitudes (cloud-cover permitting),
and different satellites have different overpass times, the comparison is not as easy to
visualize as in geostationary cases. To help quantify the comparisons, we calculated four
parameters to supplement the information in the plots for each satellite at each station.
The first parameter is dSST, which is defined as the differences between satellite-derived
SST later in the day and the SST earlier in the day. The second parameter is dinsitu,
which refers to in-situ measurement later in the day minus in-situ measurement earlier in
the day. The parameter dSST is the daily warming evolution reflected in satellite SST

measurements, while dinsitu is the warming evolution reflected in in-situ measurements.
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The third parameter 'dT2' is the difference between the SST and in-situ data for the orbit
later of the day. 'dT1' is the difference between the SST and in-situ measurements for
earlier in the day. The parameters dT2 and dT1 are evaluations of the absolute
temperature differences between satellite and in-situ measurements. A day is the regular
day starting at 00:00 local time.

NOAAT17 has the early morning/evening orbit. Since usually not much warming is shown
by 9:20, and often there is significant residual warming at 21:00, the difference of
evening minus the morning temperature is therefore often positive. This can be seen in
both satellite SST (dSST) and the in-situ temperature (dinsitu). And the warming
difference in the satellite signal is often larger. For the absolute temperature though, SST

is often lower than in-situ temperature, likely indicating a bias error.
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Figure 8.7 Averaged daily temperature evolution captured by in-situ loggers at the depths
of the reef at the times of the satellite overpasses (empty circles) compared with NOAA
AVHRR SST (filled circles) for each station. The four numbers for each satellite are
quantifications of SST and in-situ data comparison. Polar satellites cross the same
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locations twice a day, either in a morning orbit or afternoon orbit. The first number is
‘dSST’, which refers to the differences between SST later in the day and the SST earlier
in the day. The second column ‘dinsitu’ refers to insitu measurement later in the day
minus in-situ measurement earlier in the day. The third column 'dT2' is the difference
between the SST and in-situ data for the orbit later of the day. 'dT1' is the difference
between the SST and in-situ data for earlier in the day. A day is the regular day starts at
00:00 local time.

NOAA18 and NOAAT19 are in night/afternoon orbits with local overpass times very close
together. For stations with typical diurnal warming characteristics, we expect dSST and
dinsitu to be positive. This is true for dinsitu at most stations (except Cleveland Bay due
to fewer data points). But for NOAA18 and NOAA19, DSST is sometimes negative for
stations shown to have a clear diurnal warming curve (Myrmidon Reef and Elusive Reef),
this also could be seen in Figure 8.5. So these two platforms often failed to capture the
diurnal warming signatures seen in geostationary datasets.

For NASA MODIS satellites, MODIS Aqua is in a night/afternoon orbit, so we expect
the diurnal warming reflected in SST (dSST) is larger than warming signals shown in in-
situ data (dinsitu) and both numbers should be positive for stations with obvious daily
warming cycle. This holds true for all the stations. For the difference of absolute
temperatures, the scenarios are different at different stations. For most stations, the
satellite-derived SST data is lower than in-situ measurements at night, which indicates a
possible bias error in the satellite SST retrievals, and is often higher than in-situ
measurement for the afternoon measurements. The exception is the BARRSL station,
where the SST data are about 1K larger than in-situ data for both times of the day, this
features could be seen in the MTSAT and in-situ comparisons as well.

Terra is the morning/night orbit with the satellite overhead time at 10:50 and 22:10. Most
of the stations have ‘dSST’ less than 0, which means the SST at 22:00 is cooler than

during morning at 10:00. The in-situ temperature differences ‘dinsitu’ however, usually
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shows the SST at 22:00 is not much cooler or is even warmer than at 10:00. This might
be due to the fact that the surface temperature warms up faster and cools down faster than
the temperature at depth. For most of the stations, Terra MODIS SST is higher than in-
situ temperature for the morning orbit, and lower than in-situ for the night orbit, except

for the BARRSLI1 station.
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Figure 8.8 As Figure 8.7, but for the Aqua and Terra MODIS.

In this section, the diurnal warming patterns shown in the satellite SST measurements are
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compared to in-situ temperatures. We found that geostationary SST captured the in-situ
diurnal warming pattern particularly well. Although the satellite and in-situ
measurements might differ in absolute values, they compare very well in terms of

amplitudes and timing of the daily warming.

8.4 Concluding remarks

In this chapter, satellite SST from five polar orbiting satellites and one geostationary
satellite are compared with in situ temperature measurements from GBR region, to
evaluate the ability of SST to capture in-situ temperatures and detect diurnal warming in
coastal regions. Comparison of coastal polar-orbiting (AVHRR, MODIS) and
geostationary (MTSAT) SST with coral top temperatures shows good agreements, with
bias and standard deviation similar or better than similar studies. Diurnal warming pattern
(both timing and amplitude) that exist in in-situ temperature datasets are well captured by
satellite data, especially by geostationary SST measurements. It is also found that some

regional bias corrections are needed to improve SST retrieval.



Chapter 9 Summary

9.1 Major findings

The main goal of this study is to characterize the diurnal warming signals at coastal
shallow waters with both in-situ and satellite temperature datasets, and also test and adapt
the widely used 1-dimensional diurnal warming models for the coastal case. While the
upper ocean daily warming structures for the open ocean have been of interest in recent
studies due to their importance in air-sea heat fluxes calculations and satellite surface
temperature validations (Clayson and Bogdanoff 2012, Marullo et al 2014), their
counterparts for the coastal areas are rarely studied. This is one of the first studies to
comprehensively focus on coastal diurnal warming, considering many aspects of coastal
related characteristics, including the influence of ocean bottom, tidal impacts and
geographic locations, using an integrated approach including in-situ data analysis,
modeling and satellite SST analysis.

The characteristics of the shallow water diurnal warming are mostly observed from the
in-situ data analysis, while being augmented by modeling. We found that most of the in-
situ stations have clear diurnal warming signals at sub-surface depths ranging from less
than 1m to over 10m. Even at 7.2m depth or 0.1m above the bottom, we observed
consistent daily warming patterns at Little Cayman station. Combining with the model
simulations (POSH model, chapter 7), it is shown that the heat penetrates down deeper in
our coastal cases than open ocean cases for the same wind and solar radiation strengths,
presumably caused by larger coastal vertical mixing. In terms of warming timings, it is
shown that the shallower and deeper depths reach the daily warming peaks around the

same time for most of the stations which have multiple vertical measurements, while in
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open ocean studies, larger time lags are shown for warming peaks across depths.
Seasonality of the diurnal warming is shown to exist using the data from the Caribbean
datasets. We found that the largest warming occurs in springtime, which is explained by a
combination of medium strength solar radiation and weak wind speed.

Many environmental parameters are studied for their connections with the coastal diurnal
warming characteristics, including those unique to the coastal regions. Similar to open
ocean cases, the warming amplitudes are found to be influenced by daily mean wind
speeds and daily maximum insolation. We then further study the timeliness of the forcing
(not just in an average day sense) at the sample Little Cayman station by linking the
forcing with the normalized warming (see Chapter 4). We found that the vertical thermal
gradient between different depths are instantaneously influenced by temperature history
and wind speeds as the primary impact factors, and influenced by the significant wave
heights and insolation as secondary factors. Note that although we don’t have wave
measuring instruments, the significant wave heights could be estimated from subsurface
pressure measurements.

While we take primary interest in the solar-driven daily warming phenomenon, for the
coastal regions the tidal elevation changes and tidal currents have such constant presence,
that the ability to discern and quantify the tide-induced daily temperature changes is
critical. In both in-situ datasets, a parameter PSDy/PSD,4 (Chapter 3, Chapter 5) , i.e.,
the relative ratio of the power spectrum density for the semi-diurnal M2 component
versus the 24-hour period component derived from temperature spectra, is found to be a
good measure of the relative importance of tides versus solar heating on the temperature.

It is interesting to note that even for Great Barrier Reef regions where the tidal changes
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are very large (2-5 m), the tidal influence on daily warming are mostly minor (< 10%)
compared to solar heating. The large tidal influences in warming are mostly related to
local features, 1.e., if the locations is located close to a tidal inlet (e.g., Lee Stocking
Island station CMRC from the Caribbean dataset, or Mourilyan Reef from the GBR
dataset).

Another unique coastal feature we studied is the warming dependence on measurement
location and the related geographical features. By grouping the Great Barrier Reef
stations into different location related categories, it is found that the station water depth,
station reef types related to location on coral reef (reef flat, reef slope or deep reef slope)
are important factors in influencing warming amplitudes. Also worth noting is that the
relative location of the station to the barrier reef chain in the east-west direction
influences the warming significantly. The stations in the GBR lagoon or on the
western/inner side of the GBR have larger diurnal warming amplitudes on average
compared to stations located on the eastern/outer side of the GBR. The stronger warming
in the lagoon and on the inner barrier reef is possibly due to more sheltered lagoon
environment. On the other hand, latitudes and whether the location is to the west/east to a
nearby island did not impact the warming amplitudes.

Testing and adapting the models which have been used in open ocean studies for the
coastal region was another objective in our study. Three one-dimensional, physically
based empirical warm layer models are used to simulate the warming at our test location,
the Little Cayman station. The models include the Profiles of Ocean Surface Heating
(POSH) model (Gentemann et al 2009), the Zeng and Beljaars (2005) prognostic diurnal

warm layer model and a simple well mixed “box model” which assuming assumes the
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heat entering the water column will be instantly quickly well mixed throughout the water
column. Each model is physically based, yet has certain parameterization assumptions of
the vertical profile or turbulence mixing, so that the computation cost is very reasonable.
The results show that the very simple “box model” predicts the warming amplitudes
better than the other two models during strong and intermediate (>5 ms™) wind speeds.
There is however an issue with cooling, which is then improved by adding an empirical
correction term, based on the fact that warming/cooling discrepancies between model and
data at the end of the diurnal warming day (6am next day) is roughly linearly related to
average wind from after midnight to 6am. For the POSH model, the subsurface
simulations during high and intermediate wind are much smaller than the measurements
at the corresponding depths. But, since we have good results from the box model during
those days and the box model could not simulate the stratification during low winds by
design, we are mostly interested in the POSH performance during the low wind cases.
During the low wind conditions (daily maximum wind speeds of less than Sms™) , the
POSH model produced a very large surface warming, but the heat does not penetrate
sufficiently downward, resulting in smaller modeled warming amplitudes at the
measurement depths. Also, there is almost always negligible modeled warming near the
bottom at 7.2 m, which is not the case in the measurements. Several empirical
adjustments were tested, and we found increasing the diurnal warming depth Dt which
simulates stronger turbulent mixing, improved the model results best. The Zeng and
Beljaars (2005) model performs the worst among the three models. It is shown to be
overly sensitive to wind speed, and produced either too much warming during low wind

conditions (Unax<5ms™) or too little warming during high wind conditions (Upex=9ms™).
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Ultimately, none of the three models are able to reproduce satisfactory warming signals
shown in the measurements under all wind conditions. The attempts to improve the
results are mostly empirical and are hindered by the fact that the resolution of vertical
temperature measurements is rather limited, as well as the lack of the bottom flux
measurements.

The satellite sea surface temperature (SST) with its ever-improving temporal and spatial
resolution is becoming increasingly suitable for coastal applications. In this study, we
tested satellite SST’s accuracy when compared with in-situ measurements as well as
tested their suitability for studying the coastal diurnal warming phenomenon.
Measurements from infrared radiometers on five polar-orbiters (AVHRR’s on
NOAA17,18,19 and MODIS’s on Aqua and Terra) and one geostationary satellite
(MTSAT) were studied together with the in-situ data from Great Barrier Reef region for a
four-month period. Comparing the satellite-derived SST against in-situ data from all
satellite platforms yielded bias errors of < 0.15K (except for the SST’s derived from the
measurements of the AVHRR on NOAA-17), and standard deviations of between 0.56K
and 0.74K, similar or better than other coastal validation studies (e.g. Li et al., 2001). The
average diurnal warming for each station was derived by collecting the temperatures into
hourly local time bins. This was done for both the in-situ measurements and satellite SST
data. Geostationary SST data are shown to capture the diurnal warming characteristics for
most stations well both in amplitudes and timing. This result is very encouraging as
previous study by Wick et al. (2002) have found geostationary SST from GOES could
not correctly exhibit the diurnal warming cycle due to calibration issues, thus subsequent

diurnal warming studies have been very reluctant to utilize geostationary SST. For the
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SST’s from polar-orbiting satellites, we compared the in situ measurements and satellite
SST data at each overpass time of the day, as well as the warming differences between
the two daily overpasses (separated by ~12h) for both measurement and satellite SST
data. The comparison results are mixed. The AVHRR on NOAA 17 and the MODIS’s on
Aqua and Terra were able to capture the relative warming differences reasonably well,
while the AVHRR’s on NOAA 18 and 19 often failed to capture the diurnal warming
signatures in their measurements correctly (lower satellite SST during afternoon orbit) .
Finally, biases in SST retrievals are observed in the comparison. For example, the
absolute values of satellite SST measurements are often lower than the in situ
measurements at the same location, which is unlikely in reality as this will cause thermal
instability. Also, for certain stations such as Barren Island (BARRSLT1), the SST’s from
geostationary satellite have a large (0.5K-1K) bias compared to in-situ data throughout
the day. Both point to possible biases in the SST retrievals. Fortunately, for most of the
cases with suspicious absolute SST value, the relative daily warming amplitude can still

be derived with reasonable accuracy.

9.2 Future work recommendations

While the two in-situ datasets we analyzed provide a broad coverage in geographic areas
of the coral reef warming characteristics and relationship with solar, wind and
geolocation related characteristics, the study of shallow water diurnal warming will
benefit from more intensive field measurements. Especially for areas like the Great
Barrier Reef region, each reef is different because of the complex topography, circulation
and wave breaking patterns, and the thermal profile for different parts of the reef is far

from uniform. More detailed measurements and hydrodynamic circulation modeling
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could provide more insights into the intricate interplay between diurnal warming and a
host of complex physical parameters, and aid in improving shallow water diurnal
warming modeling results.

First, detailed information on water properties and thermal profiles are needed, including
higher vertical resolution of the temperature measurements, detailed measurements near
the surface and near the bottom layer, water turbidity and chlorophyll contents, as well as
measurements of the bottom absorption of the radiative flux. Also given that the diurnal
warming is very sensitive to the specific location along the reef structure and reef
topography, it will be beneficial to have multiple measurement locations within one reef.
Note that the thermal measurements and bottom fluxes measurements are easy to
maintain once set up, thus could be set up as long term observation sites. With the newer
data, the 1-dimensional diurnal warming we have used for this study could be tested and
quantified better. Moreover more complex and physics-based model such as general
ocean turbulence model (GOTM) could be used as well, to study the detailed physical
processes occurring the shallow water diurnal warming.

Second, currents and wave measurements are needed for the study locations and
surrounding areas. Given the shallow and complex topography of the coral reef regions,
particularly in regions like Great Barrier Reef where the tidal elevations can be large,
current circulation and wave shoaling and breaking could be very important
environmental forcing on thermal environments. While our study touched on tidal
impacts calculated from temperature spectra, and calculated significant wave heights at
one location from pressure measurements, more thorough studies for those forcing

require targeted current and wave measurements.
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Third, hydrodynamic circulation models could be utilized to study and predict the study
site environments. Field measurements of currents and waves could be used to fine tune
and validate circulation models, after that, the validated model could simulate and predict
the hydrodynamic environments. Combined with the relatively lower cost thermal

measurements, the diurnal warming could be studied for longer periods of time.
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