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[i] Daily 1/8' global fields of sea surface temperature SST estimates may address some of these issues, but this
(SST), operationally produced by the Modular Ocean Data data would only cover the more recent reanalysis years.
Assimilation System (MODAS), are presented. Production [4] The major purposes of this paper are to introduce and
using a combination of optimal interpolation and evaluate an operational system producing quality-con-
climatologically corrected persistence balances eddy- trolled, fine resolution gridded SST fields over the global
resolving spatial and daily temporal resolution with ocean on time scales ranging from daily to annual from
improved transitions in time and space across cloud- 1993 onward.
obscured regions to eliminate data voids. Hindcast
reanalysis has consistently extended complete MODAS
SST coverage from 1993 to the present. In validation 2. Processes to Construct Daily SST
analysis using 219 yearlong daily SST time series from both [5] Steps in the construction of the Modular Ocean Data
coastal and open ocean buoys over the global ocean, Analysis System (MODAS) SST are discussed here and
MODAS gives a median root mean squared SST difference illustrated in a regional application on 6 March 2006
of 0.41°C. Whether hindcast or real-time, stand-alone or (Figure 1). Each daily MODAS SST is produced by an
coupled, MODAS SST is applicable for physical or optimal interpolation (01) of Advanced Very-High Resolu-
biological studies and operational applications on regional tion Radiometer (AVHRR) nonlinear SST (NLSST) obser-
to global scales. Citation: Barron, C. N., and A. B. Kara vations (Figure la). NLSSTs are processed by the Naval
(2006), Satellite-based daily SSTs over the global ocean, Oceanographic Office to estimate subsurface temperature
Geophys. Res. Leit., 33, L15603, doi:10.1029/2006GL026356. [May et al., 1998]. This subsurface or bulk SST represents

conditions in the upper few meters measured by typical in
1. Introduction and Motivation situ instruments, while skin SST reflects conditions at the

immediate air-sea interface and is typically 0.0-0.4°C
[2] The ocean powerfully influences both daily weather cooler than 1l m subsurface conditions [Castro et al.,

events and global climatic change. One accessible indicator 2003]. The subsurface SST variability may deviate from
of the ocean's state and potential influence is sea surface that of skin SSTs, particularly due to diurnal warming under
temperature (SST). Variability in SST is important not only conditions of high insolation and low wind speed. All
in studying global climate change on inter-annual and operational global AVHRR data from 1993 to the present
decadal time scales, including El Nifio and La Nifia events, have been used in the MODAS analyses, reflecting on any
but it is also essential in investigating shorter time scale given day the collected data from one to three of the NOAA
oceanic processes, such as frontal dynamics, upwelling and TIROS-N series of polar-orbiting satellites, from NOAA- 11
downwelling events, and eddy and plume evolution [Wang to NOAA-18. While buoy data are used collectively to
et al., 2004]. initially determine and occasionally update NLSST coeffi-

[3] In light of these factors, a range of climate, biological cients for aging sensors [Walton et al., 1998], none of the
and other studies generally rely on accurate SST products buoy SST data are individually assimilated into the
over the global ocean. However, scattered in situ SST MODAS SST gridded product, allowing the buoy data to
observations from moored buoys, conventional ship-based serve as an independent validation set (section 3).
measurements, drifting buoys, etc., do not provide enough [6] The AVHRR sensor is sensitive to the presence of
spatial and temporal coverage over the global ocean. Fre- clouds and scattering by aerosols and atmospheric water
quent repeat and global coverage of satellite-based obser- vapor. Thus, thermal infrared measurements of SST first
vations are essential for creating a global gridded SST with require atmospheric correction of the retrieved signal and
relatively fine spatial and temporal resolution. Satellites are can only be made for cloud-free pixels. The effects
particularly critical for accurately representing spatial and of persistent cloud cover on data sampling is evident in
temporal variability of SST. Most of these satellite systems the significant data void over the Gulf Stream in the
have relied on infrared estimates of SST. Unfortunately, observations 24 hours from 0:00 GMT 6 March 2006
clouds limit the coverage of infrared estimates of SST and (Figure la).
bias individual measurements where clouds are not [7] Various approaches may be used to transform the
detected. During extended cloudy conditions, reliability of irregularly sampled and cloud-obscured POES AVHRR
SST estimates is reduced. Coarse-resolution microwave SST data into a more regular product. For analyses of data

in prior years, a suite of global Pathfinder SST products is
based on averaging observations within spatial bins from 4

'Oceanography Division, Naval Research Laboratory, Stennis Space to 54 km and temporal bins from daily to monthly [Casey
Center, Mississippi, USA.

and Cornillon, 1999]. These are often used for climatolog-
This paper is not subject to U.S. copyright. ical studies where the immediate timeliness of the data is
Published in 2006 by the American Geophysical Union. not a concern. Real-time global operational fields include 10
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SON observations and first guess [Lorenc, 1981]. For MODAS,
q •.the first guess (Figure Ib) is derived using climatologicallycorrected persistence, where the MODAS SST analysis and

4N 4 expected errors for the prior day, 5 March 2006, are
S! smoothed and relaxed toward the MODAS bimonthly
• climatology [Fox et al., 2002] with a 60-day time scale.o. N Expected observation errors are 0.5°C, while expected
" analysis and first guess errors range approximately over

35N Z 0.1 to 2.0°C (not shown). Under episodic cloud cover, a
lack of recent observations leads to a loss of confidence in
the prior analysis and an increase in the expected error of

3NN the analysis. For extended cloudy periods, the first guess
SON SN and its expected error tend toward climatological means and

standard deviations.
[9] The 01 is performed on the observation increments or

45N innovation vector, (Figure Ic), defined as the SST observa-02
tions minus the first guess SST. The SST observations used

ION ... in MODAS are subjected to quality control that excludes
SAdata deviating more than 4 standard deviations from clima-

. ,tological SST or the first guess SST analysis.
3SN 3SN 110 ,. • [io] The character of 01 results strongly depends on the

error covariance function. If the covariance scales are too
long, ocean features will be excessively smoothed, while

30N scales that are too short may lead to artificial fronts and
so0N transitions. The MODAS SST 01 uses a Gaussian error

>. covariance with 60-hour time and 20-km length scales.
;, These scales were determined subjectively to balance fidel-

*c ity in representing fronts with mitigation of spurious gra-
• dients around data-sparse regions. The 01 results in the

4oN analysis increments or correction vector (Figure ld) that
v reflects a balance between the representativeness and
" expected errors in the observations with uncertainty in the

35N !D 35N Al first guess field. Red areas reveal regions where the 01
-- indicates SST warming; blue designates cooling. Effects

from the definition of the error covariance are particularly
307 70 6 6 evident in data-sparse portions of the analysis. Where there

is insufficient sampling to better identify the spatial distri-
Figure 1. Steps in constructing a daily MODAS SST bution of a temperature mismatch, the analysis will indicate
analysis based on AVHRR data, as described in the text, in "bulls-eye" features with radius on the order of 20 km.
detail. Depicted in the northwestern Atlantic on 6 March Longer length scales would spread the analysis errors over a
2006. larger area, producing a smoother if not more accurate

analysis in data sparse regions while reducing less distinct
fronts in areas of dense sampling.

and 100 km daily composites from the Naval Oceanographic [ii] The residuals (Figure le) quantify the mismatch
Office [May et al., 1998], where bin averages are updated if between the analysis and the observations. A residual
new observations are available, and the weekly 10 X 10 indicates the degree to which the 01 deems the observation
Reynolds SST [Reynolds and Smith, 1994], using 01. Real inconsistent with the final solution. The residual is attributed
Time Global (RTG) analysis [Thi~baux et al., 2003] is a two to errors in the measurement and, perhaps more importantly,
dimensional variational interpolation analysis of in situ and to errors in the representativeness of an observation to the
satellite data collected in the 24 hours prior, which is gridded field. Variability on time and space scales smaller
generated once a day. The longer time windows and length than those represented by the analysis and error covariances
scales increase the probability that a sufficient number of contribute to representativeness errors. Adding the correction
cloud-free pixels are captured during the sampling period. vector to the first guess produces the SST analysis (Figure 10.

[8] MODAS takes a somewhat different 01 approach In the present MODAS system, this is the basis for deriving
based on joint emphasis of accurate SST, fidelity in locating the first guess for the next day.
and quantifying SST gradients, and avoiding spurious
gradients. The daily global MODAS SST analyses are on
a 1/80 spherical grid from 80'S to 80°N. The 01 mitigates 3. Evaluation of Daily MODAS SST
the artificial discontinuities associated with bin edges in [12] The application procedure demonstrated for the
composites or data voids in binned averages. It has three northwest Atlantic in Figure I is applied globally. Figure 2
components: the observations, the first guess or initial shows the 6 March 2006 MODAS SST analysis over the
analysis, and the expected covariance of errors in the global ocean. The same procedure operationally generates
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Srespectively. The preceding statistical measures are as
follows:

isMl= Y - A., (I)

9.. . .p U"" S.9 4 ,.y S.p J.. ysp U ,.W S.P •o,• Up

30

25 RMS= (,y x)2 , (2)
20 \l

15
10

50s s R - Y (X, X) (Y, - Y)/(otwo.Y (TMODAS). (3)
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3- [16] MODAS is able to produce the daily SST variability
_29e-, -28 well at these buoy locations (Table 1). The RMS SST

r,ý •26 differences are generally 50.5'C. As evident from large R
2 N Y9I values, MODAS reproduces SST seasonal cycle as well.

, -M " " s., J,,.- ", UP ft sVu [17] The comparisons shown in Table 1 are extended to
all TAO, PIRATA, and NODC buoys over 1998-2000.

Figure 2. MODAS SST analysis on 6 March 2006 and Error statistics between the buoy and MODAS SST based
locations of buoys used for validation. Also included are on 219 yearlong daily time series give median RMS SST
validations of MODAS SST time series at four buoy difference of 0.41°C, ME of 0.01TC and R of 0.96. Daily
locations over the global ocean. SST variability from MODAS also agrees well with the

buoy observations of SST variability, giving median oal)
and aMODAS values of 1.32TC and 1.38TC, respectively.

daily SST and has been applied to develop a daily hindcast
archive from 1 January 1993 to the present (http:// 4. Conclusion
www7320.nrlssc.navy.mil/modas2d). [18] Developed by the Naval Research Laboratory as a

[13] MODAS SST is validated using daily buoy SST time real-time transformation of satellite AVHRR observations
series reported from three sources: (1) the Tropical Atmo- into a high-resolution SST grid, the daily MODAS SST has
sphere-Ocean (TAO) array, (2) the Pilot Research Moored been produced operationally since 1999. Each day the
Array (PIRATA), and (3) the National Oceanic Data center operational MODAS conducts consecutive time-centered
(NODC). The time series were divided into one year seg- hindcast analyses for the five prior days before finishing
ments with daily-averaged SSTs. Buoy SSTs are measured with a one-sided (data from prior 24 hours) nowcast
at a depth of 1 m below the sea surface, and the MODAS analysis. The hindcasts allow inclusion of any late-arriving
SST represents the subsurface temperature at this depth
rather than the skin temperature (see section 2).

[14] As examples to illustrate the MODAS SST assess- Table 1. Statistical Verification of Daily SST Time Series
ment procedure, detailed evaluation results are shown for Between Unassimilated Buoys and MODAS at Four Locations
four buoy locations (Figure 2). These buoys are chosen to by Year'
represent different regions over the global ocean. The time Year RMS ME 0 ri,;oy uIoNnAS R
period for MODAS validation is 1998 through 2000, an Buoy Location O0'N, 125'W
interval that includes the strong 1998 transition from El 1998 0.61 -0.03 3.31 2.95 0.99
Nifuo to La Nifia. Use of a time-centered (I day before to 1999 0.54 0.13 1.49 1.60 0.95
1 day after) data window in the reanalysis helps capture the 2000 0.42 0.10 1.35 1.40 0.96

phase of the large SST drop during the transition period Buoy Locution 570 N, / 78'E
from May to June 1998, ;z8°C at (00°N, 125°W). Persistent 1998 0.55 -0.19 2.43 2.43 0.98
clouds lead to under sampling and greater reliance on 1999 0.36 0.04 2.55 2.65 0.99
climatology, particularly for the high latitude stations 2000 0.60 0.23 3.01 3.11 0.98

but to a lesser extent at (15'N, 038'W) during June Buoy Location 29WN. 085oW
and July. 1998 0.70 -0.19 4.39 4.48 0.99

[is] SST time series from MODAS and buoys are com- 1999 0.47 0.25 3.64 3.70 0.99
pared using various statistical metrics: mean error (ME), 2000 0.66 0,30 3.83 3.78 0.99

root-mean-square (RMS) difference and correlation coeffi- Buoy Location 15W 038'W
cient (R). Let X, (i = 1, 2, ... , n) be the set of n buoy 1998 0.72 -0.43 1.10 0.97 0.79
(observation) values, and let Y, (i = 1, 2, .. , n) be the set of 1999 0.61 -0.45 1.26 1.33 0.95
corresponding MODAS estimates, where n is equal to 365 2000 0.64 -0.47 1.19 1.16 0.93
(or 366 for leap years) at a given buoy location for a single 'Approximate water depth is 53 m at the coastal NODC buoy at (29°N,
year. Also let X (Y) and UBUOY (OMODAS) be the mean and 079'W). Other three buoys at open ocean have water depths of 4,780 rn,
standard deviations of the observation (estimate) values, 3,662 m, and 5,382 m at (00°N, 125°W), (57'N, 178"E), and (15'N.

038°W), respectively. R is dimensionless, other columns are 'C.
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