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susceptible to diurnal warming signals [7]. Therefore the timing of the observations
and the conditions in whic



tional comparisons are di�cult and errors vary for di�erent regions and time scales [2].
In diurnal cycle modelling the high values are not of concern as no diurnal signal forms
at high wind speeds; however, the diurnal warming is very sensitive to slight changes
in wind speeds at the low values [22]. The wind speed, w, is important because wind
stress increases roughly as w2:7 and mixed layer deepening with w4 [14]. Therefore
even slight biases in NWP sea surface winds speeds can lead to systematic errors in
ocean circulation models that are forced by these winds [2]. Wind speeds of less than
5 ms−1 account for nearly 40% of global hourly averaged winds [19]. Weak winds are
concentrated in the tropics and







εB > 0). The data assimilation problem can now be stated as follows;
An ‘optimal’ parameter pair (ε∗

A
, ε∗

B
) is sought such that for all feasible (εA, εB)

|J(ε∗A, ε∗B)| ≤ |J(εA, εB)| . (11)

It is possible that an increase in cloud cover and a decrease in wind speeds and
vice versa could provide the desired e�ect. In this scenario



observations (from AMSR-E and TMI). If both types (IR and MW) of observations
are available then only the wind parameter is tuned, but if only MW observations are
available then both wind and cloud parameters are tuned.



to underestimate the warming on these occasions. However, earlier in the week the
modelled diurnal warming estimates are larger than the observations suggest. The
data assimilation method reduces the cloud, if necessary, in the presence of SEVIRI
observations, followed by a correction to the wind speed forcing and then the cloud
fractions (when SEVIRI observations are not present). The assimilation is able to
reduce the modelled warming for days 2 through to 5, and increase the diurnal warming
on days 6 and 7, thus �tting the observations much more closely. On days 2 and 5
the assimilation has not been able to reduce the warming as much as the observations
would suggest. In these cases the system does not fully adhere to the assumptions of
the assimilation routine either because the estimated sensitivity over the parameter
range is inaccurate or the required change in forcing is outside the stated restrictions.
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day 5 OSTIA shows a warm bias compared to the observations and this is likely the
cause of the assimilation run to fail at this point.

The assimilation is less robust if a correction to the diurnal cycle is based on a
single observation, particularly if it occurs early in the morning. This can be seen in
Figure 3 where on day 2 a slight correction early in the warming phase leads to a larger
diurnal cycle that can not be attested by further observations and on day 4 where as a
result of a possible erroneously cool observation strong winds are used to eliminate any
diurnal cycle. These examples illustrate how the scheme could be further improved in
the future by incorporating more observations and building on the knowledge gained
to form a careful treatment of observational error, both systematic and random, within
the assimilation cycle.
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4.2 Comparing Di�erent Satellite Observations

Further analyses were also performed to assess the errors associated with individual
observation types relative to the control run and these are presented in Table 2.

No. Obs. Mean STD RMS
GOTM-SEVIRI 2343 −0.25 0.57 0.62
GOTM-AMSRE 2220 0.20 0.77 0.80
GOTM-TMI 1532 0.37 0.91 0.98

Table 2: Results showing the number of observations, the mean, STD, and RMS of
θcontrol − θobs , in ◦C , for individual satellite types for the area −45 ◦N to −25 ◦N and
300 ◦E to 330 ◦E during 1st{7th January 2006.

A similar number of SEVIRI and AMSRE observations are available over the time
period in this area, with slightly fewer TMI observations. The model-observation
match-ups reveal di�erences between the three satellite instruments. The SEVIRI
observations are shown to be on average warmer than the parameterised skin temper-
ature. Whereas the AMSRE and TMI observations are cooler on average than the
modelled SST. This suggests that the observations have some systematic errors in this
area at this time, with SEVIRI SST systematically too warm and/or AMSRE and TMI
observations systematically too cool. The model could also have a warm bias and be
estimating too great a cool skin correction. This seems unlikely as the parameterised
cool skin correction for this period was on average 0.15 ◦C, i.e. smaller than the SEVIRI
only mean di�erence. The model simulations are dependent on the OSTIA SST at the
start of each day; therefore any errors in OSTIA will also be apparent (see Section 4.4).
The STD and RMS are signi�cantly lower when comparing SEVIRI observations with
either AMSRE or TMI. The largest errors are found with the TMI observations, where
the RMS error approaches 1 ◦C.

4.3 Day-Night Comparisons

Di�erences in night time (between the restricted hours of 22:00{04:00 local time) and
daytime (between the hours 10:00{16:00 local time) match-ups were also ere alsoTj
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for a heighten diurnal cycle and draws the model closer to the observations. The STD
and RMS di�erences remain similar for both day and night.

Mean STD RMS
Before Assimilation
daytime 0.29 0.88 0.93
night time -0.15 0.57 0.59
After Assimilation
daytime 0.14 0.51 0.53
night time 0.00 0.50 0.50

Table 3: Results showing the mean, STD, and RMS of θmodel − θobs , before and after
the assimilation, in ◦C , during daytime (10{16) and night time (22{04) local time for
the area −45 ◦N to −25 ◦N and 300 ◦E to 330 ◦E during 1st{7th January 2006.

4.4 Comparisons to OSTIA

To help determine to what extent the biases



are found to be larger than night time biases and when comparing all observations,
a bias of −0.17 ◦C is found. This indicates that the satellite observations on average
are warmer than OSTIA, as would be expected because OSTIA is largely restricted
to night-time. The sharp di�erence in day and night time mean values demonstrates
the presence of diurnal signals in the daytime observations. OSTIA is the mean value
of these observations, as well as others, and so the expectation is that the bias would
be small. In this match-up all observations are included whereas OSTIA is formed
by eliminating daytime observations taken with wind speeds less than 6 ms−1. These
additional observations are therefore contributing to the slight cool bias in



No. Obs. Mean RMS STD
ECMWF-AMSRE 2009 (1635) −0.07 (−0.12) 1.76 (1.72) 1.76 (1.71)
ASSIM-AMSRE 1635 −0.23 2.74 2.73
ECMWF-TMI 1278 (1212) −0.49 (−0.49) 1.68 (1.60) 1.61 (1.52)
ASSIM-TMI 1212 −0.45 2.57 2.53
ECMWF-ALL 3287 (2847) −0.23 (−0.28) 1.73 (1.67) 1.71 (1.64)
assim-ALL 2847 −0.33 2.67 2.65

Table 5: Results comparing the ECMWF forecast wind speeds before and after assimila-
tion to the AMSRE and TMI wind measurements showing the number of observations,
the mean, the RMS, and STD di�erences in ms−2. For the area −45 ◦N to −25 ◦N
and 300 ◦E to 330 ◦E during 1st{7th January 2006. The numbers in parenthesis are
calculations only at the locations and times when wind speeds are corrected in the as-
similation.

5 Conclusion

In this paper a data assimilation method has been developed that assimilates satellite
derived SST observations into a diurnal cycle model. It is proposed how model errors
in diurnal warming estimates are primarily caused by uncertainties in NWP forcing
data. The diurnal variability of SSTs can be viewed as a function of wind speeds
and fractional cloud cover. Observations from SEVIRI, AMSRE, and TMI occurring
throughout the day are compared to their modelled equivalent. The resulting di�er-
ences are then reduced by making corrections to the forcing wind speeds and cloud
cover. This tuning of the forcing is shown to result in modelled SST estimates that
resemble available observations much more closely. The assimilation method could be
viewed as smoothing and interpolating the satellite SST observations in an intelligent
manner. The method is shown, for example, to �t the observations better than OSTIA,
which uses a daily persistence assumption.

Most SST assimilation schemes do not use vertical correlation scales when inserting
SST observations and subsequently are unable to provide adjustments to the sub-
surface thermodynamic structure; this reduces the e�ectiveness of an assimilation.
However, by correcting wind speed and cloud cover values, within uncertainty bounds,
the method presented here attempts to preserve the balance of thermal and dynamical
�elds within the diurnal thermocline.

This assimilation method could be implemented on a much wider scale to build
up a detailed real time picture of diurnal warming across the world’s oceans. The
distribution and magnitude of diurnal signals are still relatively unknown and this
technique of merging observations with a diurnal cycle model could be used to improve
this situation. Another application could be to use this technique to calculate foun-
dation temperatures of increased accuracy. For example,ofmarmi0 Td
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