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ABSTRACT

A web-based SST Quality Monitor (SQUAM) was designed to monitor NESDIS operational AVHRR SST products for stability and cross-platform consistency in near real-time (NRT). Currently SQUAM monitors products from NOAA-16, -17, -18, -19, and MetOp-A. The methodology is based on statistical analyses of anomalies in satellite SST (TS) with respect to several global reference SST fields (TR). Empirical histograms of SST deviations (T=TS-TR are analyzed for proximity to a Gaussian shape. The first four moments of a Gaussian distribution and fraction of outliers are trended as a function of time. A double-differencing technique is employed to monitor SST products for cross-consistency. The results are posted in NRT at http://www.star.nesdis.noaa.gov/sod/sst/squam.
1. Introduction

Sea surface temperature (SST) products have been operationally generated from AVHRR at NESDIS since the early 1980s using the heritage Main Unit Task (MUT) system (1). A new Advanced Clear-Sky Processor for Oceans (ACSPO) became operational in May 2008. Currently, the MUT and ACSPO run side-by-side, to allow extensive evaluation and smooth transition for NESDIS SST users. The objectives of the SST Quality Monitor (SQUAM) are to evaluate MUT and ACSPO SST products for self-, cross-platform, and cross-product consistency, identify product anomalies and help diagnose their causes (e.g., sensor malfunction, cloud mask, or SST algorithm).
Customarily, NESDIS SST products are validated against in situ SSTs, once a month (2). However, in situ SSTs are sparse and geographically biased, and their quality is suboptimal and non-uniform. Most importantly, in situ data are not available in NRT in sufficient amount to cover the geographical domain and retrieval space fully and uniformly.

The SQUAM complements the customary validation against in situ data by using global analysis SST fields, such as daily Reynolds, RTG, OSTIA and ODYSSEA as a reference (3-7). The Level 4 products provide global coverage, improved timeliness and a more uniform quality.
This paper describes SQUAM focusing on the analysis of MUT SST products (8) from NOAA-16, -17, -18, and MetOp-A. The SQUAM methodology is briefly described in section 2. Section 3 shows time series of the first two Gaussian parameters of SST anomalies. A double-differencing technique for improved cross-consistency trending is introduced in section 4. Section 5 shows an example of a self-consistency check employed in SQUAM. Section 6 summarizes the paper and provides the future outlook.
2. SQUAM concept
The basic premise of SQUAM is that anomalies of satellite SSTs (TS) with respect to any reference SST (TR), (T=TS-TR, are distributed near-normally. In case of customary validation, the reference SST comes from in situ SST. A separate Cal/Val page http://www.star.nesdis.noaa.gov/sod/sst/calval/ is currently being set up and its results will be used in this paper for comparison with SQUAM results. 

In SQUAM, Level 4 SSTs (Reynolds, RTG, OSTIA, and ODYSSEA) or SST climatology are used as a reference. The respective Gaussian parameters may differ from those against in situ SST and depend upon the reference SST used. Nevertheless, these Level 4 products may be appropriate for monitoring satellite SST for stability and cross-platform consistency (cf., 8, 9), because they use multiple satellite and in situ SSTs as input, perform extensive quality control and data filtering, and blend them together, typically by anchoring satellite to in situ SSTs (cf., 3). 
The Gaussian parameters of (T (especially, higher order moments) can be significantly distorted by outliers in TS, TR, or both. In SQUAM, outliers are handled in two complementary ways: by employing robust statistics (median and robust standard deviation, RSD), and by excluding data beyond “median ( 4(RSD”.
Figure 1 shows example histograms of ‘satellite minus in situ SST’. The number of monthly match-ups (within a 20km×1hr window) is ~7,000 and the percentage of outliers is ~5%. After outliers are removed, standard deviation improves from 0.62 K to 0.33 K and skewness and kurtosis become more realistic. As expected, the robust statistics (median and RSD) are largely insensitive to outliers. 
	[image: image1.png]3

-1:11 2009 1o Jun 01 19:01:33 2009

NeT0%0 Lot Ot a7 et 13%)
Mnm996 R O oo+ 60250 4585
a2 00012200 )

Mewn-008 ‘et 15230 150.0m 1)
pomeyesy
Modan=000
RS0=027
Skow=133
Kin-s980

e ason 1501

SATSST-B_SST Anomaly (C)



[image: image2.png]-1:11 2009 1o Jun 01 19:01:33 2009

Lottt 760 N0 B0
Rt oo+ RS0 -0 0%
[ —
‘et 15230 15000 1)

SATSST-B_SST Anomaly (C)




Figure 1. Nighttime NOAA18 AVHRR SST monthly validation against in situ SST in May 2009: (top) before and (bottom) after outlier removal.


Figure 2 is similar to Figure 1 but uses match-ups with OSTIA SST (~8 days compared to 1 month of in situ data). The monthly number of match-ups increases by ~2 orders of magnitude and the percentage of outliers decreases from ~5% to ~3%, whereas the ‘TS–TOSTIA’ statistics remain comparable to ‘TS – Tin situ’. Importantly, the histograms in Figure 2 represent the full retrieval domain (compared to in situ histograms, which represent only a fraction).
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Figure 2. Same as Figure 1 but against OSTIA for ~8 days of match-ups in 2nd week of June 2009
	


Figure 3 shows an example map of ‘TS–TOSTIA’. 
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Figure 3. Anomaly map corresponding to Figure 2.
The global reference fields provide near-global gap-free coverage. Referencing TS to TR removes large-scale SST variability and provides a diagnostic snapshot of TS performance, on a global scale.
3. Time-series of SST anomaly statistics
Figure 4 shows time series of nighttime median SST biases with respect to three reference SSTs.
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Figure 4. Global median biases against in situ, OSTIA, and daily Reynolds SSTs.


The major trends are reproducible between in situ and the other two TR, yet the latter are available in NRT and at a finer time scale and the respective time series are crisper. Some features in the global reference time series (e.g., fluctuations in OSTIA in the early 2006 and 2007 and in Reynolds around mid-2007 and early 2009) are not seen in the in situ plot. They are likely due to some artifacts in the OSTIA and Reynolds data. Nevertheless, cross-platform consistency typically remains within ~0.1K (except for NOAA16, whose AVHRR is known to have sensor issues). MetOp-A flies in an orbit close to that of NOAA17, but shows a warm bias of 0.1K, likely due to its suboptimal SST coefficients. SQUAM uses a suite of TR to facilitate separating anomalies in TS from anomalies in TR.
Corresponding robust standard deviations (RSD) are shown in Figure 5.
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Figure 5. Global robust standard deviations corresponding to Figure 4.


The results are reproducible qualitatively and even quantitatively (e.g., OSTIA). All results show a trend towards improved RSD with time, likely due to the improved in situ and Level 4 SST data. Reynolds SST shows a sharp drop from 0.5K to 0.4K in the early 2006, likely due to switching from Pathfinder to NAVO SST (10) as its input.
4. Double-differencing for cross-platform cross-product consistency analyses
A more quantitative evaluation of cross-platform and cross-product consistency can be achieved by using a double-differencing (DD) technique. The DDs are obtained via a third “transfer standard” (cf., 11). For cross-platform consistency check, the DD is defined as:

	DD = (TS – TR) - (TREF – TR)
	(2)



In SQUAM, NOAA17 was selected as a “reference” platform as its products are available for the full SQUAM period and its AVHRR is stable. Figure 6 shows example time series of DDs from SQUAM.
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Figure 6. Cross-platform Double-Differences.


The in situ DDs are closer to “true” cross-platform bias in TS as in situ data account for diurnal cycle in bulk SST (but they only partly account for the diurnal cycle in skin SST, TS). On the other hand, all current L4 products do not resolve diurnal cycle. Work is underway to add a diurnal correction on top of existing L4 TR products from e.g. (12), which is expected to improve the utility of SQUAM to measure the “true” cross-platform TS consistency.
Another observation from Figure 6 is that the DDs when using global reference fields are fairly insensitive to the particular TR. 
The DD technique can also be employed to measure the diurnal signal in TS calculated as
	DD = (TS, DAY – TR) - (TS, NIGHT – TR)
	(3)



Example time series of the day-night DDs are shown in Figure 7. If the in situ data were skin SST, then the top plot of Figure 7 should have accurately reflected the consistency between the daytime and nighttime SST algorithms. However, the bulk in situ SST captures only a part of the diurnal signal in skin SST. As a result, the day-night DDs show a 0-0.2K warm bias (recall that NOAA16 should be excluded from this analysis, due to sensor problem). The day-night DDs are much larger for OSTIA and Reynolds TR which do not account for the diurnal signal at all. Adding diurnal correction on the top of these TR will help validate this diurnal model.
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Figure 7. Day-Night Double-Differences.

The DD technique can also be used to monitor cross-reference SST for consistency, by choosing one of the TR as a “transfer standard”. The respective DD are defined as follows
	DD = (TNOAA18 – TR) - (TNOAA18 – TR,REF)
	(3)


In SQUAM, the low resolution RTG (4) was selected as a REF. The choice of NOAA-18 here is arbitrary, and the resulting DDs were found to be largely insensitive to the choice of a platform.
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Figure 8. Cross-reference SST Double Differences.


Globally, daily Reynolds is warmer than RTG SST, by ~+0.05K, whereas OSTIA was biased cold with respect to LR RTG by ~-0.25K, in the first year following its introduction. The bias has reduced in late 2006 down to ~-0.1K, but then it spiked to ~-0.2 K again in early 2007. The ODYSSEA SST has been largely consistent with RTG SST, except it spiked by ~+0.1 K in early 2008.  Such techniques may be used for inter-comparison studies, e.g., Inter-Comparison Technical Advisory Group (IC-TAG) of GHRSST [www.ghrsst-pp.org/The-Inter-Calibration-TAG-(IC-TAG).html]. The SQUAM analyses may contribute to the existing inter-comparison techniques such as the global mean product ensemble (GMPE) and improving the global Level 4 SST analyses.
5. Self-consistency check

SQUAM also performs self-consistency check of SST products and helps in attributing root causes to observed anomalous patterns. This is achieved by plotting dependence plots, i.e., bias as a function of relevant observational or geophysical parameters.
An example case study is shown in Figure 9 which shows NOAA17 SST bias (with respect to daily Reynolds SST) against satellite view zenith angle for two different periods: one before January 2006 and the other in the beginning of January 2006.
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Figure 9. Angular dependence of SST for NOAA-17 before and after fixing bug in the MUT system which caused cross-track SST bias.


The dependence prior to January 2006 (D05354, blue) shows a skewed pattern due to across-swath bias of > 0.5K. This was caused by a faulty assignment of zenith angle in the MUT and was uncovered with SQUAM analyses. The bias is reduced and becomes more symmetric with respect to nadir after the correction was implemented on 1 January, 2006 (D06003, red). Such analyses are routinely performed in SQUAM to identify any artificial dependence of the SST product (bias) due to algorithm, sensor malfunction, regional deficiencies, or observational and geophysical parameters, and correct them.
6. Conclusion and future outlook
Validation against global reference fields is routinely performed in SQUAM to monitor the two NESDIS operational AVHRR SST products (MUT and ACSPO), in near-real time. It checks the products for self-consistency as well as cross-platform and day-night consistency using a double-differencing (DD) technique. SQUAM analyses so far highlight two major areas of improvement. 

One is the need for applying a diurnal correction to the reference SST fields (all of which currently do not resolve diurnal cycle). This correction is expected to improve the accuracy of the DD technique, and will help validate the diurnal model applied, in a global domain. 
Another area for improvement is sensor calibration and characterization. In particular, the SST product from NOAA16 is currently out of family, due to sensor problems. 

The effect of both improvements can be objectively and quantitatively measured using the self- and cross-consistency metrics adopted in SQUAM.

These improvements will lead to improved accuracy and precision of different SST products, and to their reconciliation towards providing a single “benchmark” SST product to quickly evaluate the new SST products during the NPOESS and GOES-R era.
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