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Diurnal cycle of SST

Abstract

At the European Centre for Medium-Range Weather Forecasts (ECMWF), coupling of the atmo-
spheric model to an ocean model has recently been extended to the High-Resolution (HRES) fore-
cast model. This move is driven by: (i) encouraging results in coupled Ensemble medium-range
and extended-range forecasts; (ii) studies reporting a positive impact of coupling on the prediction
of atmospheric events; and (iii) the need to better represent coupling feedbacks. As the lower atmo-
spheric boundary condition over the ocean for the atmospheric model, the sea surface temperature
(SST) field is key to this coupling. It is known that sub-daily variation in SST—its diurnal cycle—
modulates air-sea exchange at the interface, and that resolving this variation can have a positive
impact on the forecasting of both the upper ocean and the atmospheric state. In this work, we explore
the diurnal cycle of SST in global coupled simulations with the ECMWF Integrated Forecast System
(IFS). A year’s worth (March 1, 2015–March 1, 2016) of 10-day forecasts are run under coupled and
then uncoupled model configurations: in the uncoupled runs, the (at depth) SST is based on the daily
Operational Sea Surface Temperature and Sea Ice Analysis (OSTIA) field, with use of a prognostic
scheme for the skin surface temperature; in the coupled runs the atmospheric model is coupled to the
NEMO ocean model with a one-hour coupling frequency. The amplitude and phase of the diurnal
cycle are validated against estimates from in situ oceanographic observations. We also explore the
dependencies of the modelled diurnal cycle on key meteorological forcings (10-m wind speed and
total cloud cover), and compare with the dependencies exhibited by the observations.

1 Introduction

Sea surface temperature (SST) is a key parameter for weather and climate due to its influence on the state
and evolution of the Earth’s atmosphere—via atmosphere-ocean interactions—and on ocean dynamics.
Accurate SST data are a requirement for climate monitoring, prediction, and research. In addition,
measurements or estimates of SST are used in the retrieval of other key ocean and atmosphere parameters
from in situ and satellite-based instruments. SST has an important impact on the biogeochemistry of the
ocean and is one of the most important physical properties of the marine ecosystem.

One dominant mode of variation in SST is its diurnal variability. The daily progression of solar heating
and subsequent surface- or mixing-driven cooling of the upper ocean is known as the diurnal cycle
of SST. The diurnal cycle is an important feature of atmosphere-ocean interaction as many physical
exchanges, including those of sensible and latent heat, and trace gases, are sensitive to the temperature of
the ocean surface and its variation. For example, large diurnal warming can increase the heat flux from
the ocean by 50–60 Wm−2 during the daytime (Ward, 2006; Fairall et al., 1996). Using data from moored
buoys in the tropical Pacific, Zeng and Dickinson (1998) showed evidence of clear diurnal variability in
surface latent and sensible heat fluxes. This variability could not be reproduced using daily or monthly
mean sea surface skin temperature, SSTskin, suggesting that the diurnal cycle of skin temperature is the
main driver of flux diurnal variability.

Atmospheric General Circulation Models (AGCMs) often use as input SST analysis fields representing
a bulk or foundation SST, constructed from satellite and in situ SST observations. Prognostic and diag-
nostic schemes are typically used to represent diurnal SST variation (Fairall et al., 1996; Stuart-Menteth,
2003; Webster et al., 1996; Zeng and Beljaars, 2005; Takaya et al., 2010a; Filipiak et al., 2012) in the
absence of an ocean model. Alternatively, the diurnal cycle of SST can be reproduced using an ocean-
atmosphere coupled model with a short coupling interval, of roughly 1–3 hours, as long as the ocean
component can adequately resolve the near-surface thermal structure. This approach has been used to
assess the impact of the diurnal cycle on the atmosphere on sub-daily to intraseasonal timescales. Bernie
et al. (2007) used a diurnally-forced ocean GCM to investigate the impact of resolving the diurnal cycle
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on the SST response to the Madden–Julian Oscillation (MJO). Across the Indo-Pacific, the diurnal cycle
has been shown to increase the intraseasonal SST response to the MJO by around 20%. The diurnal
cycle also modifies momentum exchange between currents, resulting in a 10% increase in the strength of
Ekman cells and equatorial upwelling. In the second part of the study, Bernie et al. (2008) investigated
the impact of a resolved ocean diurnal cycle on the climate simulations of a coupled GCM, showing that
inclusion of the diurnal cycle leads to increase of the mean SST, with an increase of 0.2–0.3◦C across
the equatorial Pacific. In turn, these changes had profound impact on up-scale variability in the tropi-
cal climate. Other studies have linked the diurnal cycle of SST to convection over the Tropical Pacific
(Johnson et al., 1999), to the diurnal cycle of precipitation (Dai and Trenberth, 2004), and shown that the
SST diurnal cycle modulates the mean climate of atmospheric models (Brunke et al., 2008).

In numerical weather prediction, coupled models traditionally show good skill in seasonal and monthly
prediction, in particular in forecasting SST, the MJO, and the prediction of hurricanes and cyclones
(Brassington et al., 2015). It is thought that part of this success is due to inclusion of diurnal SST
variability, and that the increase in forecast skill could be seen in short- and medium-range forecasts,
given the variable nature of air-sea interaction on even hourly time scales. McLay et al. (2012) report
that inclusion of SST variation in the Navy Operational Global Atmospheric Prediction System improves
medium-range forecast skill in the tropics, with a smaller impact in the midlatitudes. In the tropics,
most of the increased skill was due to SST analysis perturbations rather than from inclusion of diurnal
variability.

The move to coupled forecasting systems at ECMWF is driven by improvement in the modelling of
air-sea interaction processes, the development of ocean-atmosphere coupled data analysis, and use of
coupled wave-sea-ice-atmosphere forecasts at all time ranges. Atmosphere-ocean coupling has recently
been extended to the High-Resolution (HRES) forecast model (cycle 45r1). In preparation for such a
move, it is important to quantify how well the diurnal cycle is represented in the coupled simulations.

This study aims to verify the diurnal cycle in a coupled implementation of the ECMWF IFS model, and
compare with results from an uncoupled implementation. The amplitude and phase of the diurnal cycle
are validated against estimates from in situ oceanographic observations. We also explore the dependency
of the modelled and observed diurnal cycle amplitude on key meteorological forcings of diurnal variabil-
ity in SST—the 10-m wind speed and total cloud cover. In Section 2 we give an overview of the diurnal
cycle and its representation in the ECMWF model. Model experiments and data are described in Section
3, and the methodology is outlined in Section 4. Results are given in Section 5, followed by discussion
(Section 6) and conclusions (Section 7).

2 Background

2.1 Definition and measurement of sea surface temperatures

Traditionally, the sea surface temperature observed from ships and buoys is reported as the “bulk” SST—
the temperature at a depth of roughly 1 m or deeper (Donlon et al., 2007). Note that the Global Ocean
Data Assimilation Experiment (GODAE) High-Resolution SST Pilot Project (GHRSST-PP) Science
Team recommends using SSTdepth rather than “bulk” SST; this is to avoid confusion relating to po-
tential drastic changes in the bulk temperature with depth, and to encourage reporting of the depth of the
temperature measurement.

SSTbulk can differ markedly from the skin temperature (SSTskin) of the water in the top several microns
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of depth. As the atmosphere senses only the interface of the ocean, SSTskin is of great importance as it
represents the temperature closest to that of the interface. The skin temperature can be measured by in
situ- or satellite-based radiometric instruments, although substantive effort is involved in quality control
of the observations.

Under most oceanographic and meteorological conditions, SSTskin is greater than a bulk temperature
at depth, and shows larger diurnal variation due to the decrease in solar heating of the ocean surface
boundary layer with depth. However, during the night, or under strong winds and with wave-induced
mixing, the two temperatures can show little difference. Indeed, under such conditions—i.e., in the
absence of a diurnal thermocline—SSTskin can be lower than SSTbulk due to the cool-skin effect (Fairall
et al., 1996).

The foundation temperature of the ocean, SSTfnd, is defined as the the temperature of the water col-
umn free of diurnal temperature variability. It is the temperature from which the growth of the diurnal
thermocline develops each day.

2.2 The diurnal cycle of SST

Under calm conditions and with the onset of shortwave radiative heating during the early morning, the
top few metres of the ocean warm; about half of the incoming energy is absorbed within the upper meter
(Soloviev et al., 2013). This net heating results in a stably stratified layer called the “diurnal warm
layer”. The temperature cycle peaks in the early afternoon (circa 2pm local time), before solar insolation
reduces during the afternoon, and the warm layer begins to deepen due to turbulent mixing, leading to
a decrease in SST. During the night, surface-driven cooling leads to further mixing which pushes the
turbulent boundary layer to its greatest depth. The stratification that built up during the day is all but
eroded, ready for the cycle to repeat again.

The magnitude of diurnal warming is determined by the competing effects of processes favouring strati-
fication of the water column (primarily through the vertical gradient of short wave radiation absorption,
but also through positive surface buoyancy fluxes) and processes leading to destabilization (wind driven-
mixing, and surface evaporation and cooling). Meteorological and oceanographic factors that affect the
diurnal cycle of SST therefore include (i) the net heat flux due to solar radiation (largely determined by
the cloud cover), (ii) wind speed, (iii) the foundation temperature and salinity of the water, (iv) optical
attenuation of the water column, and (v) processes inducing vertical mixing or stratification.

Averaged globally and over the seasons, the mean amplitude of the diurnal cycle—defined as the differ-
ence between the local daily maximum and minimum SST—is order 0.1◦C (Kawai and Wada, 2007). In
favourable conditions of strong solar insolation and weak winds, the amplitude can exceed 5◦C (Kawai
and Wada, 2007). Under enhanced wind-driven mixing the amplitude is much smaller; it has been re-
ported that the diurnal thermocline almost disappears when wind speed exceeds 5 m s−1 (Soloviev and
Lukas, 1997; Donlon et al., 2002), due to a combination of increased turbulent mixing in the ocean and
the drawing of heat from the ocean by a more turbulent atmosphere. Given the potentially large gradient
in temperature above 1-m depth in the daytime, the diurnal cycle amplitude generally decreases with
depth (Kawai and Wada, 2007).

Though the diurnal variation of SST has been measured from research vessels for over a century—first
by collecting water samples and then using expendable probes, buoys, profiling floats and radiometric
instruments—the advent of operational satellite SST observations in the 1980s enabled measurement
of SST in a globally-consistent manner. Stuart-Menteth (2003) report the first global climatological
distribution of the day–night skin SST difference based on infrared measurements; the data reveal regions
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that are susceptible to large diurnal warming, such as the Mediterranean Sea, the Bay of Bengal, the
Arabian Sea, the seas around Japan, the north Pacific off North America, and the Azores-Bermuda high
pressure belt. Subsequent studies based on satellite data confirm an increase in amplitude and decrease
in seasonality towards the equator of the diurnal amplitude of SST, with a primary dependence on wind
speed and solar insolation variability.

2.3 Diurnal SST variability in the ECMWF model

Atmosphere-ocean coupling was introduced in the IFS model to improve seasonal forecast skill, with
specific focus on prediction of the MJO, before being extended to monthly forecasts. It was shown that
ocean-atmosphere coupled predictions were superior to those made using persisted SSTs (Woolnough
et al., 2007). The coupled model has since been used for the Extended-Range (monthly) and Long-
Range forecasts (seasonal), as well as the Ensemble Forecast System (ENS). In the ENS, since CY40R1,
coupling is now from day 0, instead of day 10 as was the case in previous cycles. Results have shown that
the coupled ocean–atmosphere–wave model better forecasts the tropical atmosphere and the MJO, and
has impacts on the representation of slow-moving tropical cyclones. Breivik et al. (2015) reported that
the coupled integrations show reduced SST bias; this was attributed to the impact on SST of included a
sea-state dependent mixing scheme. The impact of ocean coupling on tropical cyclone intensity in the
Western Pacific was investigated by Mogensen et al. (2017); the impact of coupling varied from cyclone
to cyclone, but the oceanic and atmospheric response to the cyclones looked physically sound.

Since September 2008 (CY35R1), the diurnal cycle of SST has been represented in the IFS through use
of a prognostic scheme for SSTskin (Zeng and Beljaars, 2005) (ZB05). The scheme—which solves the
one-dimensional heat transfer equation in the near-surface layer—parameterises both the warm layer and
the cool skin. It was later refined to include the impact of Langmuir circulation on diurnal warming, and
then tested against buoy observations and satellite data (Takaya et al., 2010a). Including the effects of
Langmuir circulation enhanced surface layer mixing and reduced diurnal variability of SST under wavy
conditions. Though the revised scheme showed better agreement with buoy SST observations than the
original scheme, based on validation using buoy and satellite data it consistently under-estimated diurnal
amplitudes in calm, clear-sky conditions, but over-estimated amplitudes in moderate to high winds.

The impact on medium-range forecasts of explicitly resolving the diurnal cycle in the IFS was inves-
tigated by implementing a one-dimensional mixed-layer ocean model (Takaya et al., 2010b). Though
there was an overall neutral impact on forecast skill for general meteorological variables compared with
an uncoupled control experiment, the mixed-layer model showed improvements of SST forecast skill
particularly in the summer hemisphere at a 10-day time scale. Inclusion of the mixed-layer model also
improved the prediction skill of the MJO and the Indian Monsoon in medium-range forecasts. The am-
plitude of the diurnal cycle from the model was compared with estimates from the ZB05 scheme. Despite
its simplicity, the skin-layer scheme showed some advantage over the mixed-layer model.

3 Model experiments and data

We used the operational (at the time of writing) version (CY43R3) of the IFS with TCo1279 atmospheric
resolution (grid spacing of around 9 km). The model was run in an uncoupled (with prescribed SST and
sea ice fields) or coupled (i.e., with interactive ocean and sea-ice models) mode. In the uncoupled simu-
lations, the atmosphere is forced by persisted anomalies, with initial SST from the OSTIA (Operational
Sea Surface Temperature and Sea Ice Analysis) product. OSTIA is produced with global coverage (grid
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spatial resolution of 1/20◦) on a daily basis by the Met Office, using a blend of satellite retrievals and in
situ observations from ships (Donlon et al., 2012). The analysis provides estimates for the foundation
temperature SSTfnd.

In the uncoupled experiments, the Takaya et al. (2010a) cool-skin and warm-layer scheme is implemented
in the atmospheric model. The scheme is forced by the OSTIA SST fields and provides estimates of
SSTskin. With the scheme switched off, the resulting skin temperature is equal to the SST forcing the
scheme.

The coupled configuration includes an interactive ocean, namely the NEMO model (version 3.4.1)
(Madec, 2008) with ECMWF modifications to the coupling interface (Mogensen et al., 2012). The
skin sea surface temperature required by the atmospheric model is obtained from the SST of the up-
permost 1-m of the ocean and the cool-skin scheme of Takaya et al. (2010a) (note that the warm-layer
scheme is switched off). The ocean mixing settings in NEMO for the coupled configuration are detailed
by (Breivik et al., 2015). The ocean initial conditions are from OCEAN5 analysis system using the
Behind-Real-Time stream (Zuo et al., 2017, 2018).

3.1 Validation data

The in situ observations used in this study comprise drifting and moored buoy measurements of SST, ob-
tained from ECMWF’s Meteorological Archival and Retrieval System (MARS), which are originally dis-
tributed via the World Meteorological Organisation (WMO)’s Global Telecommunication System (GTS).
Measurements are obtained at a depth of roughly 20–30 cm, though the exact measurement depth is not
recorded. Based on these observations, a set of NEMO observation operator output files in netCDF was
produced for each 1-hr time step of each 10-day forecast, for each set of experiments. The files contain
observations of a given set of meteorological and oceanographic variables, together with the interpolated
model equivalent values valid at the observation location (specified by the reported latitude and longi-
tude values). Files for the individual time steps are merged (to form a 10-day time series) and then split
into files for individual stations based on its identifier code. Figure 1 shows time series of representative
data—after basic quality control—for key variables over the 10-day forecast initialised on 01 June 2015,
for station 61002 in the Mediterranean Sea.

Also included in the files are observations (if available) and model equivalent values for key meteorolog-
ical and oceanographic variables including the mean sea level pressure, the 10-m wind speed, direction
and their zonal and meridional components, the 2-m air temperature and dewpoint temperature, and the
total cloud cover. Extra model variables (ocean current speed and components, and sea ice fraction) as
well as auxiliary information for the ocean grid (land-sea mask, ocean depth, and distance to coast) are
included, as are meteorological and oceanographic variables of interest (included the 10-m wind speed,
air temperature, and ocean current velocity components), and key model details (such as the distance to
nearest coast, and bathymetry).

4 Methodology

To validate modelled diurnal cycle of SST, we compared dSSTmod to the corresponding observed values
(dSSTobs). Though not a like-for-like comparison, this methodology makes best use of the available
observations and allows investigation into the representation of the diurnal cycle of SST in the different
model configurations. For each station, the diurnal cycle amplitude (dSST) and phase, along with mean
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Figure 1: Time series of observed (upper panel) 10-m wind speed, (middle panel) 2-m temperature,
and (bottom panel) SST for station 61002 in the Mediterranean Sea together with uncoupled model
and coupled model estimates for those variables valid at the station’s location, for one 10-day forecast
initialised at 00 UTC, 01 June 2015.

values for all meteorological and oceanographic variables, were calculated for each day (0–24 UTC) of
each forecast. The amplitude of the diurnal cycle was calculated as the maximum minus minimum SST
during a forecast day: dSST = SSTmax −SSTmin. The phase (Local Solar Time, LST) was determined as
the time of day at which SST reaches its maximum value. The phase was calculated only if the diurnal
cycle amplitude within a given 24-hr period exceeds 0.25◦C.

Due to the nature of obtaining in situ observations in the marine environment, there are often gaps in the
records. To ensure that data coverage issues do not bias our analysis, diurnal cycle amplitude and phase
were only calculated if at least one SST observation is available in each quarter of a forecast day. To
deal with spurious data, a simple quality control procedure identified unrealistic values and large jumps
(3◦C or larger for successive values) in the SST time series; if these jumps are found the suspect values
are masked. A quality control flag on the SST observations was also used to disregard problematic data.
The reported latitude and longitude values of the observations were screened for spurious values which
could significantly affect estimation of the mean location of each station over a 24-hour period. The
final dataset comprises order 4,775,000 model–observation estimates of diurnal cycle amplitude for each
of the two sets of experiments, with use of data from around 2700 individual stations. The number of
model–observation estimates of diurnal cycle phase is order 1,228,000 for uncoupled experiments, and
1,800,000 for the coupled experiments.

To aid analysis of spatial trends, data has been grouped into 2◦× 2◦ grid cells. The number of diurnal
cycle estimates over the course of the year varies dramatically with location, due to the distribution
of observations (Figure 2). Note that the grid cells are not equal-area. Regions dense with observations
include the Atlantic Ocean around 30◦N, and the Tropical Pacific, the latter a result of the TAO/TRITTON
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Figure 2: The number of diurnal cycle estimates in each 2◦× 2◦ grid box for the year of 10-day forecasts.

array moorings. Regions with sparse or no observations include the equatorial Atlantic, and the southern
extra-tropics of the Pacific.

5 Results

5.1 Diurnal cycle amplitude

5.1.1 Diurnal variation in modelled and observed SST

In Figure 3 we compare dSSTmod from the uncoupled (left column) and coupled (right column) simu-
lations with dSSTobs, for a subset of days spanning the 10-day forecasts.

In the uncoupled forecasts, there is a general trend of underestimation of dSSTmod. Values of dSSTmod
in the uncoupled simulations rarely reach 0.5◦C but can occasionally reach much larger values under
favourable conditions (i.e., low wind speeds and low cloud cover), as seen in Figure 1. There is a
greater degree of correlation between dSSTmod and dSSTobs in the coupled simulations than in the
uncoupled simulations; the correlation coefficient (R) values are higher for the coupled simulations than
for uncoupled simulations throughout the forecast. This higher degree of correlation for the coupled
simulations is due to on average larger values of the model diurnal cycle amplitude, particularity when
the observed diurnal cycle amplitude is large. In both sets of simulations there is a divergence of estimates
of dSSTmod and dSSTobs as the forecasts progress, with R values reducing steadily from forecast day
1.

To understand these results more quantitatively, we explore the distribution of values for dSSTmod−dSSTobs
over the course of the forecast range. The distribution on selected forecast days for the uncoupled (left
panels) and coupled (right panels) simulations are represented as histograms and shown in Figure 4. The
number of model–observation matchups is indicated, along with statistics for the distributions.

For the uncoupled experiments, the distributions have a mean value of −0.10–−0.11◦C and a constant
median of −0.05◦C. The values indicate that, on average, dSSTmod is roughly a tenth of a degree smaller

Technical Memorandum No. 826 7



Diurnal cycle of SST

0.0

0.5

1.0

1.5

R=0.51

fcday 1
Uncoupled forecasts

R=0.56

Coupled forecasts

0.0

0.5

1.0

1.5

R=0.45

fcday 3

R=0.51

0.0

0.5

1.0

1.5

R=0.39

fcday 5

R=0.44

0.0

0.5

1.0

1.5

R=0.33

fcday 7

R=0.38

0.0 0.5 1.0 1.5
0.0

0.5

1.0

1.5

R=0.28

fcday 9

0.0 0.5 1.0 1.5
R=0.34

102

103

104

Co
un

t

dSSTobs [oC]

dS
ST

m
od
 [o

C]

Figure 3: 2D density plots of dSSTobs and dSSTmod estimates on select days of the forecast validity
range for (left column) uncoupled and (right column) coupled simulations.

than dSSTobs. There is a slight broadening of the distribution as the forecasts progress, with the standard
deviation increasing from 0.44◦C on day 0 to 0.54◦C on day 9, indicating that larger differences between
the two quantities are more frequent as the forecasts progress.

For the coupled simulations, the mean and median values of the distributions remain steady throughout
the forecasts at close to 0◦C, indicating good agreement between dSSTmod and dSSTobs. The standard
deviation of the distribution increases steadily from 0.46◦ on forecast day 0 to 0.54◦ on forecast day
9, revealing an overall slight increase in variance for the coupled simulations. The frequency of cases
where the model and observed diurnal cycle amplitude show a large difference (i.e., > 1◦C) is roughly
equivalent between the two sets of results.
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Figure 4: Histogram of dSSTmod−dSSTobs on select days of the forecast validity range for (left col-
umn) uncoupled and (right column) coupled simulations.

5.1.2 Global geographical distribution

We next explore the geographical distribution of SST diurnal cycle amplitude estimates. The geograph-
ical distribution of the year-averaged dSSTobs (i.e., dSSTobs) is shown in panel (a) of Figure 5. Over
much of the global ocean, dSSTobs < 0.4◦C. Many coastal regions—especially those in the tropics—
have a larger diurnal cycle amplitude, with values greater than 0.8◦C. Also apparent are areas with
unexpectedly large values of dSSTobs north of 60◦N, for example in the Arctic Ocean north of Alaska,
and the seas surrounding Greenland and Iceland.

The geographical distribution of dSSTmod−dSSTobs for uncoupled and coupled simulations are shown
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Figure 5: (a) Geographical distribution of dSSTobs, and the global distribution of dSSTmod−dSSTobs
for each 2◦× 2◦ grid cell for (b) uncoupled and (c) coupled simulations.

in panels (b) and (c), respectively. In the uncoupled simulations, over a large proportion of the globe
values are negative (indicating dSSTmod < dSSTobs), and generally less than than −0.3◦C. Many of the
regions with larger negative values (< −0.5◦C), such as waters off the eastern coast of North America,
the Indian Subcontinent, and the eastern coast of Greenland, lie close to continental land masses and
could be considered as coastal waters.

In the coupled simulations, the general pattern is a shift in dSSTmod −dSSTobs to higher values, indi-
cating that dSSTmod is on average larger in the coupled simulations than in the uncoupled simulations
over much if the ocean, and indeed now larger than dSSTobs. Values are positive over much of the trop-
ics, and > 0.5◦C in many regions close to the equator. Regions where dSSTmod is smaller than dSSTobs
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are mainly confined to higher latitudes, and include areas of the Southern Ocean and the Norwegian and
Greenland seas.

5.2 Dependence on key forcing conditions

The diurnal cycle of SST is driven primarily by wind speed and solar insolation—the latter modulated by
cloud cover. We next explore the dependence of dSSTmod on the 10-m wind speed (U10) and the total
cloud cover (TCC) in both the uncoupled and coupled simulations, and compare with the dependencies
of dSSTobs. In this analysis, values have been subset into 5◦ latitudinal bands and then further subset
by model estimates for U10 or TCC to obtain mean values for each subgroup. Model estimates for U10
and TCC were used for consistency, due to the lack of observations of these quantities from many of the
observation stations.
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Figure 6: The latitudinal dependence of (a) observed dSSTobs, (d) the corresponding number of observa-
tions, model dSSTmod for (b) uncoupled and (c) coupled simulations, and model dSSTskin− observed
dSSTobs for (e) uncoupled and (f) coupled simulations. Estimates are subset by model values for the
10-m wind speed.

Comparing the U10 dependence of dSSTmod for the uncoupled and coupled experiments with that for
dSSTobs reveals similarities and differences in behaviour. In the observations, there is a clear pattern
of decreasing diurnal cycle amplitude with increasing U10 for regions equatorward of approximately
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40◦N/S. This behaviour is better captured in dSSTmod estimates from the coupled simulations than esti-
mates from uncoupled simulations; in the uncoupled simulations, values of dSSTmod are up to −0.2◦C
smaller than estimates for dSSTobs at all but the lowest wind speeds. The values of dSSTmod−dSSTobs
therefore vary quite significantly with latitude and wind speed in the uncoupled simulations (panel e),
whereas the difference is much more uniform in the coupled simulation results, and closer to zero (panel
f). For the lowest wind speed range (U10 < 4 m.s−1) in the equatorial region, model bias increases in the
coupled simulations, with overestimation of the diurnal cycle amplitude by up to 0.2◦C.

Both model configurations fail to replicate the dependence of the observations on U10 in the northern
extra-tropics and high latitudes, in particular the local peak in dSSTobs at approximately 40◦N and 65◦N.
Both local maxima show a reduction of the observed diurnal cycle amplitude with increasing wind speed.
There is an increase in dSSTmod at these latitudes, but values predicted by the model are underestimated,
particularly so for the local peak at 65◦N. This leads to large differences between model and observed
values of the diurnal cycle amplitude (panels e and f) for both uncoupled and coupled experiments.

The number of observations used to calculate dSSTobs for each wind speed range is shown in panel
d. Data sparsity clearly increases towards to poles across the range of wind speeds, and data volume is
greatly reduced for the highest wind speed range in the tropics.
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Figure 7: As in Figure 6 but with data subset by total cloud cover.

The latitudinal variation of the dependence of the diurnal cycle amplitude on total cloud cover is explored
in Figure 7. The value of dSSTobs generally increases with decreasing cloudiness across the latitudes
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(panel a). This dependence is captured reasonably well in both the uncoupled and coupled model results
for dSSTmod, but—as with results for the U10 dependence—there is a clear signal that the diurnal cycle
amplitudes of observed SST in the Northern Hemisphere extra-tropics and high latitudes are significantly
larger than predictions for dSSTmod.

A notable feature distinguishing the behaviour of the two sets of simulations is that dSSTmod is gen-
erally larger in the coupled simulations than equivalent values from the uncoupled simulations across
all latitudes; this relative increase is generally larger in equatorial regions and when TCC is low. In the
uncoupled simulations, the values of dSSTmod − dSSTobs are negative, i.e., dSSTmod is consistently
smaller than dSSTobs (panel e). Overall higher values of dSSTmod in the coupled simulations brings
values of dSSTmod − dSSTobs closer to zero, especially for extra-tropical regions (panel f). However,
the increase in dSSTmod in the coupled simulations increases model–observation difference for latitudes
close to the equator under all total cloud cover regimes.

5.3 Diurnal cycle phase

5.3.1 Diurnal cycle phase variation in modelled and observed SST

Analysis of the diurnal cycle phase can give insight into how well the coupled model is representing
diurnal variation. In Figure 8 we compare dSSTmod phase in the uncoupled (left column) and coupled
(right column) simulations with dSSTobs phase, for a subset of days spanning the 10-day forecasts.

Observed diurnal temperature cycle peaks in early afternoon (generally between 12 pm and 4 pm, and
centered on 2 pm, LST). In the uncoupled simulations, dSSTmod phase is slightly displaced from the
1:1 line, with the diurnal cycle reaching its maximum value slightly earlier in the afternoon. In contrast,
in the coupled forecasts the diurnal cycle phase is delayed by roughly two hours, and now later in the
day than the observed diurnal cycle phase. Based on correlation coefficient values, the diurnal cycle
phase of dSSTmod is closer to that of dSSTobs. However, there remains a not insignificant frequency of
occurrence of cases where the diurnal cycle phase in the coupled forecasts is too early or too late in the
day.

5.3.2 Latitudinal and seasonal dependence of diurnal cycle phase

We next explore the latitude and seasonal dependence of diurnal cycle phase in the uncoupled and cou-
pled model simulations, with comparison to the dependencies exhibited in the observations (Figure 9).
In this analysis, we again investigate the latitudinal dependence through grouping data into 5◦ latitudinal
bands. Results for the four seasons are shown independently.

A general pattern of delayed diurnal cycle phase in the coupled model simulations —with regards to both
the uncoupled model predictions and the observations—is evident. The largest discrepancies between the
coupled model and the observations occur in the tropics and the northern/southern midlatitudes during
their respective summer months; here, the coupled model prediction for dSSTmod phase is often 60–90
minutes later in the day than the phase of dSSTobs, with the phase in the uncoupled forecasts often 30–90
minutes earlier still. The coupled model predictions for the diurnal cycle phase are closest to observations
in the northern/southern mid- to high-latitudes in their respective winter months, with agreement to
within 30 minutes. In the Southern Ocean around 40◦S both the uncoupled and coupled simulations
predict the diurnal cycle phase too early in the day, whilst the opposite is true at approximately 60◦N
during the Northern hemisphere winter.
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Figure 8: 2D density plots of dSSTobs and dSSTmod estimates on select days of the forecast validity
range for (left column) uncoupled and (right column) coupled simulations.

6 Discussion

A large database of drifting buoy measurements has been used to obtain order 4,775,000 model–observation
estimates of diurnal cycle amplitude, enabling verification of the diurnal cycle of SST in the IFS model
in uncoupled and coupled configurations. Model predictions have been compared to observed values
obtained from buoys and moored arrays with a depth of measurement of roughly 20–30 cm. This dis-
tinction likely introduce some variability into the results, which cannot be fully accounted for. But while
diurnal cycle characteristics of the skin and at-depth SST may vary under specific meteorological and
oceanic conditions, given the volume of data used in this study, it is not expected that this factor affects
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Figure 9: The latitudinal dependence of observed dSSTobs phase (black line) and model dSSTmod
phase for uncoupled (brown line) and coupled (blue line) simulations for (a) December–February, (b),
March–May, (c) June–August, and (d) September–October.

conclusions from the analyses.

Diurnal cycle amplitude has been estimated using the maximum and minimum values of SST during
consecutive 24-hr periods of each 10-day forecast. This method therefore accounts for all factors that
impart variability into SST, including mechanisms not directly related to solar insolation-driven diurnal
warming—for example, through advection of warmer water in the vicinity of the observation platform, or
via wind-induced mixing of surface waters. Diurnal cycle phase has been estimated using the maximum
value of SST during consecutive 24-hr periods of each 10-day forecast. When the diurnal cycle in SST
is weak, the phase may be ambiguous. We have thus calculated the phase only when the diurnal cycle
amplitude exceeds a set threshold (0.25◦C).

Differences between modelled and observed SST diurnal cycle amplitude are reduced in coupled fore-
casts; this is a result of an overall increase in diurnal cycle amplitude in the coupled simulations, com-
pared with uncoupled simulations. However, there remain regions where coupled model predictions of
the diurnal cycle amplitude show sizeable bias against observations, with many of these regions showing
similar bias to those in the uncoupled forecasts. In particular, coupled model predictions for dSSTmod
are overestimated in regions of the ocean close to the equator, and dSSTmod is consistently underpre-
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dicted in the northern high latitudes. The latter, however, may be a result of observational biases within
the data set, as the observed values for the diurnal cycle amplitude are significantly larger than would be
expected.

Despite utilising a year’s worth of in situ data obtained across the global ocean, there remain regions
where measurements are not taken, and individual stations that report suspect data or measure too infre-
quently to calculate diurnal variation. Data sparsity at high latitudes (northwards of 65◦N and southward
of 65◦S) is also an issue. Our analyses reveal larger differences between dSSTmod and dSSTobs in
northern high latitudes; these differences are not generally reduced in the coupled simulations.

The observed dependence of SST diurnal cycle amplitude on total cloud cover and the 10-m wind speed
is better replicated in coupled forecasts. In particular, the diurnal cycle amplitude in coupled forecasts
is more in line with the observed amplitude in regions equatorward of 40◦N/S; this is the case over the
range of wind speeds. However, there still exists quite significant differences between model and ob-
served behaviour, particularly at northern high latitudes where the mean difference between dSSTobs
and dSSTmod can exceed 0.4◦C under comparable wind speeds or cloud cover. Investigating the de-
pendence of diurnal cycle amplitude on U10 reveals local peaks (at approximately 45◦N and 65◦N) in
observed values that aren’t well captured in either the uncoupled or coupled simulations. It is not known
at this stage if these anomalously large values are real features, or are instead the result of measurement
errors from a set of observation stations. However, these features seem robust across the wind speed
range, with diurnal cycle amplitude larger under lower wind speeds, as expected. One limitation of this
analysis is that model values for U10 and TCC were used in lieu of observed values, which are not re-
ported by the majority of stations. However, the systematic difference between dSSTobs and dSSTmod
cannot be explained by potential errors in model values for U10 and TCC.

The skill in forecasting diurnal cycle phase is marginally improved in the coupled model. There is
however evidence that the phase of the diurnal cycle is delayed in the coupled model with respect to the
observed phase. Indeed, averaged over all observations, the size of this phase shift seems to correspond
with the amplitude of the diurnal cycle. This finding could be explored in more detail by focusing on
individual case studies, to explore for example whether the ocean model’s uppermost layer is too slow
to warm. Having a thinner more responsive top layer in the ocean model might also change the phase of
the maximum to earlier in the solar day.

7 Conclusions

We have investigated the diurnal cycle of SST in uncoupled and coupled 10-day forecasts with the
ECMWF model. Model predictions for the amplitude of the diurnal cycle of SST have been compared
with estimates from in situ observations, and the dependence of the diurnal cycle amplitude on important
forcings—namely the 10-m wind speed and total cloud cover—has been explored. The modelled phase
of the diurnal cycle has also been compared with the observed phase.

Averaged over the set of 10-day simulations, and over the global ocean, the SST diurnal cycle amplitude
in the uncoupled simulations is around one tenth of a degree smaller than that for the observed SST.
In coupled simulations, the diurnal cycle amplitude is on average larger and consistently within a few
tenths of a degree of observed values. This leads to a higher degree of correlation with observations for
the coupled model. Despite this, the frequency of occurrence of larger discrepancies between model and
observed diurnal cycle amplitude—i.e., a difference with magnitude greater than 1◦C—remains similar
between the two model implementations.
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The coupled model simulations better replicate the dependence of diurnal cycle amplitude on the 10-m
wind speed. The dependence of observed diurnal cycle amplitude on total cloud cover is also better repli-
cated by the coupled simulations, with smaller differences between observed diurnal cycle amplitude and
model estimates under most conditions. The results of this study indicate that a coupled implementation
of the IFS model can accurately simulate diurnal variation in SST, at least as well as the uncoupled
configuration. However, our results reveal inherent biases in predicting SST diurnal cycle statistics that
remain despite use of an interactive ocean.

On average, SST diurnal cycle phase is shifted later in the day in the coupled configuration. This shift
brings the coupled model results closer in line with the observations, but the phase is systematically
delayed with respect to the observations, often by 60–90 minutes. This delayed phase is most evident
under conditions when the diurnal cycle amplitude would be expected to be large.

This work is preparatory for further sensitivity experiments exploring model representation of the phys-
ical mechanisms at the ocean surface that drive the diurnal cycle. This work could also be extended by
using satellite measurements of skin SST to verify modelled diurnal cycle of SST. Though use of satel-
lite data brings its own challenges in obtaining model-observation matchups with adequate temporal and
spatial resolution, such data provides further means of validating model predictions.
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