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The study will also use the classi�cation of SSTs that takes into account the vertical
temperature structure of the upper ocean as introduced by Donlon et al [7] and used
by the Global Ocean Data Assimilation Experiment (GODAE) High Resolution Sea
Surface Temperature Pilot Project (GHRSST-PP).

The paper proceeds as follows: A background to diurnal cycle modelling and the
model setup used in this work is given in Section 2. Results from some initial experi-
ments performed at upper ocean mooring sites are presented in Section 3. This work
is then extended to the use of operational data sets in Section 4. In Section 5 diurnal
variability maps in the Atlantic are produced and compared to satellite derived SST
measurements. Finally conclusions are given in Section 6.

2 Modelling

2.1 Background

One-dimensional modelling of the oceanic mixed layer has been widely used in the
development of turbulence and air-sea 
ux parameterisations. Such models are also
suitable for modelling diurnal variability of SST as they can have a much greater near
surface vertical resolution than can be achieved in a full ocean GCM. Mixed layer
modelling can generally be categorised into two broad approaches: bulk and di�usion.
Bulk models attempt to model the mixed layer in an integral sense (e.g. [22] and [34]).di�usioTd
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et al [15] used a grid layer of 2 cm, increasing exponentially with depth to 60 cm, when
comparing model output to AATSR observations.

The penetration of solar radiation is also critical for diurnal modelling. A single
spectral band parameterisation [30] is still widely used e.g. [2] and [40] despite its
crude structure. Horrocks et al [15] implemented a 9 band parameterisation [31] while
Hallsworth [14] experimented with several parameterisations including decomposing
the full solar spectrum into 278 intervals. In recent years more attention has been
given to the biological impact on solar absorption [28].

To attain the temporal resolution for diurnal modelling studies data from the TOGA
COARE sites are often used, where high frequency meteorology (every 15 minutes) is
available ([49], [40], and [2]) . Bernie et al [2] performed experiments using di�erent

ux frequencies and concluded that to capture 90% of the diurnal variability of SST,
3 hourly 
ux forcing was required. However, Horrocks et al [15] used 6 hourly surface

uxes from UKMO NWP analyses and then generated only
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3.1 Data

Surface Meteorological and ocean temperature observations are obtained from the
Woods Hole Oceanographic Institution (WHOI) upper ocean mooring data archive.
We use time series from three deployments: COARE [50], Arabian Sea [51], and the
Subduction site [26]. Details of each time series is given in Table 1. T deplo



hourly periods, the normal output format and frequency from NWP models. This al-
lows us to assess the degradation from diurnal modelling that would be expected from
using the NWP products over much wider areas.

Diurnally varying solar SWR forcing is the essential driver of the diurnal cycle.
Surface insolation under clear skies, I#, was calculated at every time step using the
approach of Rosati and Miyakoda [37]. The Reed formula [35]

I0 = I# (1 � Cnn + 0:0019�) (1 � �) ; (2)

is then used to derive the total surface solar radiation, where n is the fractional cloud
cover; cn, the cloud cover coe�cient is set to 0.62; � is the solar noon angle; and �
the albedo. This formula is only used for higher cloud amounts 0:3 � n � 1, w6.8168 0 Td
(cloud)Tj
18cien I # � C)



A diurnal warming signal of zero is given if the SST at the start is also



respectively. This compares with the corresponding mean observed diurnal warming
signals of 0:57 �C, 0:48 �C, and 0:26 �C. Thus the diurnal model is accurate on average
to within a tenth of a degree for each time series, with the Arabian Sea site being most
closely replicated. This suggests that the diurnal cycle can be e�ectively modelled
with 6 hourly forcing data, although it is possible that there are locations where the
occurrence of sharp wind bursts around midday are more prevalent, thus hampering the
modelling e�ort. Nonetheless the standard output from operational weather forecasting
centres is 6 hourly and the results in Table 3 show that modelling the diurnal cycle of
SSTs over the global ocean should be a possibility. This topic is addressed in the next
section.

RMS Errors
Site SST (�C) Diurnal Warming (�C) MLD (m) Strati�cation (�C)
COARE 0.19 0.36 15.94 0.18
Arabian Sea 0.19 0.30 12.99 0.17
Subduction 0.14 0.22 24.62 0.15

Table 3: Statistics from comparisons derived from observations and model simulations
forced with 6 hourly data and initialised daily at the mooring sites.

4 NWP Forcing Experiments

In this section the GOTM model is set-up to use NWP forcing data on a larger spatial
domain. The use of NWP data in diurnal variability modelling is far from ideal,
particularly with regards to the use of 6 hourly wind stress values, as the diurnal cycle
can be extremely sensitive to �ne scale wind structure [46]. However the last section
showed that when GOTM is forced with 6 hourly mean data at the mooring sites it
can reasonably capture the or
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Figure 1: Example of the modelled and observed diurnal warming signal at the Arabian
Sea site.
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UKMO Forecasting Ocean Assimilation Model (FOAM) global 1� model provides anal-
yses of ocean temperature and salinity (at depths: 5, 15, 25, 35, 48, 67, 96, and 139
metres) at 00:00 GMT.

Satellite observations include a combination of infrared (SEVIRI) and



feedback between the modelled SST and the 
uxes, and preliminary experiments found
this to be better than using the prescribed 
uxes from ECMWF.

The change in solar 
ux with depth into the ocean is parameterised as a sum of
exponentials

f(z) =
n

∑

i=1

Ai exp (�Kiz) : (8)

In the previous section this was determined using a 9-band parameterisation [31]. Al-
though the 9-band parameterisation cov



di�erences will be characteristic of any initial o�set rather than di�erences developing
through the day. The GOTM initial pro�les are obtained from the UKMO operational
ocean prediction system, FOAM [1],
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5.2 Satellite Validation

To assess the accuracy of the modelled diurnal warming estimates, GHRSST L2P
observations from SEVIRI, AMSR-E, and TMI are compared to hourly model output.
The results presented in Table





6 Discussion and Conclusions

Progress has been made in understanding and advancing the ability to numerically
model diurnal variability at the near surface ocean. A widely used one-dimensional
mixed layer model, GOTM, is optimised for the purposes of diurnal cycle modelling
using state-of-the-art parameterisations for air-sea 
ux and ocean radiant heating. It
is tuned against high frequencymo



These developments in diurnal SST modelling are built on in a companion paper
[33] that describes a novel data assimilation method which utilises diurnal
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