Sea Level Anomaly and Dynamic Ocean Topography Analytical Covariance Functions in the Mediterranean Sea from Envisat data
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Introduction Data used and corrections Mathematical models and Covariance estimation

Fluctuations in the level of the sea pose an issue of emerging importance, since Tatestocus is based on single mission altimetry data from ENVISAr$or the empirical covariance functions have been determined for
scientific research shows a clear trend in the rise of the sea level the entire duration of the satellite mission (20@P11), both in thethe period under study. For the 1D case along track 444, the empiri-

TG station data, the multitude of unprecedented in accuracy and resolution obsea}{?ang track direction (see Figure 1 top) and in 2D cases (see —|gcmdacbvz_:1r|ance function has been_estlmated and the van@_rmnd
| correlation length ffor each 35 period day pass was determined. The

. o . RTEVED T dle).
tions of satellite altimetry in combination with the realization of GRACE and GOCEmmlgI r@;d@ to investigate whether a cyedtationarity exists in the SLA

a
along the same pass for the period 2ZIA 0.

sions offer new opportunities for the estimation of sea level and dynamic ocean tojddVISAT pass 444 was selected for the along track study while pa%lsl
. . . . .data
raphy trends. was selected in order to derive linear trends of the SLA variation (Figure

: L : . 1, bottom). Then, various analytical covariance function models have been inves-
During heterogeneous data combination, error propagation through analytical data vari- . . . .
igated in order to determine the one that provides the overall best

ancecovariance matrices is of great importance since it can provide reliable estim@tess 444 consists of ~3280 observations for each cycle and tﬁ% . . .
. . fit to the empirical model, as well as the optimal results in terms of
of the output signal error. study covers the period between 20@P10. For pass 399 three con-

ve cycles, comprising more than three months (105 days) of éﬁidiction accuracy. To this extend, various order exponential models
The optimal combination operator for such studies used in physical geodesy is ES%Ls'Et gi 3& ’ P J y ave been studied, along with second and third order Gausskov
Squares Collocation (LSC). are studied.

X ones. Apart from planar models, a spherical one based on Legendre
Given that no analytical models are available for sea level anomalies (SLA) their inc% A\-I‘J UKS H S

OFaS GKS SyiANBE .aSHiynohidllipans&dnysimblhtidghtie TBdhetning & tRSpP (mddel, 6 o nc XK
ration in LS®ased combination schemes is problematic, p fland "M /1 C< WK far the same period as pass 444. The total (&sed t_o model the analytical covariance function of the disturbing
cord consists of ~690k observations. potential, was used.

Open Problems and Objectives The data have been downloaded from the RADS server (DEOS Radar Al- Empirical Covariance Functions

: : S . dimetry Data System) in the form of SLAS relative to EGM2008, aftef ap- y . . .
This work presents some news ideas and res_,ults on_the determmatlon of analytlcg'i :&? Y 1 th y ) nvsical and inst ol " FSP pass 444, empirical covariance functions have been estimated for
variance functions and subsequently full variamowariance matrices for the SLAs iff'Y!Nd &l tie NSCEsSATy GEOPHysical and instiimentat Coeetions. ) .h satellite cycle between 20@D10. Given the 35 day period each

the Mediterranean Sea. IB corrections have not been applied as theye little effect to the year consists of @1 cycles. An example of the estimated empirigal the above models,—denotes the spherical distancethe correlation lengthD

Along track records of the SLA have been used both to derive linear trends of the?stA 20t e { [ ! adltAauAOa covariance functions is shown below for 2007 and 2009 the characteristic distance,the planar distance and )? the variance of quantity
variation in the area under study and come to some conclusions on the Mediterramgga |ast step in the analysis of the SLAs is to investigate for any possible (Y under investigation (SLA or DOT). The rest are parameters to be determined, so
variability at short scales. correlations with global and regional climatic phenomena that influence that the analytical model will fit the empirical one. It is noticed, that for all models a
Qcean state as well mixed equations adjustment scheme was used in order to determine the necessary
parameters for each model, based on the empirical values.

Figure 7Window data analytical model covariance function (left) cycle 74 (right) and RIO_MED (bottom)
Correlation with climate indexes

The last step in the analysis of the SLAs Is to investigate for any
possible correlations with global and regional climatic phenom-
ena that influence the ocean state as well.

Figure 6: SLA In Au-
gust 2005 along
pass 444 and the
various TESTs per-
formed (TEST A,
TEST B and TEST C)

Three such indexes have been investigated. The first one is the
well-known Southern Oscillation Index (SOI) corresponding to
the ocean response to ElI Nino/La NiBauthern Oscillation
(ENSQO) events.

The next index investigated is the North Atlantic Oscillation
(NAQO) index, which corresponds to the fluctuations in the differ-
ence of atmospheric pressure at sea level between the Icelandic
low and the Azores high.

The developed covariance functions are used in order to investigate any possible d¥G

lations with climate change indices over the Mediterranean Sea. Three such indexes have been investigated, namely SOI (Southern Oscil-
The signal and error characteristics of the sea level anomalies have been usé@'@® [ndex), NAO (North Atlantic Oscillation Index) and MOI
monthly, seasonal and annual scales. (Mediterranean Oscillation Index) in order to investigate the correlation

; between SLA variations and climate indexes at the global (SOI), regional
The estimation of the analytical covariance functions is performed usthguad 3°or- (NAO) and basin (MOI) scales.

Statistics of ENVISAT pass 444 August 2005 (cm)

. . . min max mean std
Analytical Covariance function models for pass 444 SIA 199 73% -2 ey

An example of the analysis carried out Is given In the sequel for Pass 444 In ALJ“\
2005. Figure 5 depicts the SLA as derived from pass 444, where a variation bet Prediction errors with LSC for the various covariance models (£m)

ggr el\ﬂl?jtr?tv or:(;dseésri:; (\)/:‘l?_”eazn?jrl;err(])(lelnsci)rrrrlliilglrsto that of the disturbing potentia aigr'ia}narily, variations in the climate as depicted by oscillation indexes -30 cm and +.30 cm can be seen. qu that pass, ar_1a|_ytical c_ovariance functions I'“"'MODEL A -29.07 3.74 -10.06 +8.87 The last index nvestigated Is the I\/I_edite!rranean_ oscillation In-
P g poly . AK2df R [ £a2 KF@S | GaAdylGdNBE 2y GKS adGras 2F 208ty ¥907ﬂ K & nE ffgrﬁ@ntlgn%n‘yﬁ%e§ \{§te derived and predictions using LSC have been|cary,ope| g 18 60 5 07 4.00 16,10 . dex (MOI) which refers to the fluctuations in the difference of at-
The same analysis has been carried out for the RioMed (Rio et al. 2007) dynamic @gg@8riability in the level of the sea. ried out. Three tests have been performed. One_, by omitting _the first 20 pqlnts N MODEL ¢ 2775 446 853 +8 75 min max mean std mospheric pressure at sea level between Algleres and Cairo. For
topography (DOT) model available for the entire Mediterranean. the track and using the rest to estimate the SLA in these locations (TEST A in the s;opeL E 27 66 453 8.63 +8.67 the present study, SOI data have been acquired from the Austra-
_ _ quel). The second, by omitting the last 20 points and using the rest to estimate fhe popeL E 29 99 953 .0.84 +9 39 Prediction errors with L SC for the various covali- llan Government Bureau of Meteorology and NAO and MOI
The goal is to come to some conc|u5|or_13 on the SLA and- DOT spectral chgract' | SLA in these locations (TEST B in the sequel). The third, by omitting every sgcongopeL G 1897 1147 1.69 +8.70 ance models (cm) data have been acquired from the Climate Research Unit of the
bazedd on the empllrlc_allﬁ der(ljveld prcl)apertlez TUCh fas the(;/_ar_lance_ z;]deScé)rrelatlon e« point and using the rest to estimate the SLA in these locations (TEST C in thé segopgeL H 2076 2248 7 27 +12.88 SLA 5090 5540 7.33 +11.49 University of East Anglia.
and determine analytical models to be used later for prediction wit . quel). MODEL | 913 570 35 65 1305 VODEL A 3488 2931 .003 365
e : : _E— MODEL B -34.88 29.37 -0.03 £3.65
SLA Variations in the Mediterranean Sea Prediction errors with LSC for the various covariance models (M) MODEL E = -34.89 2939 -0.03  +3.65
The first part of this work refers to the identification of sea level variations within the/ mgggtg‘ 12222 _13'22 _7'2'&193 ég'i‘i MODELF -47.95 55.15 -0.02 +4.57
ENVISAT satellite repeat period for time intervals as short as 35 days. The Table MODEL G _13'55 6.57 _5'99 _+5.78 MODEL G -47.97 55.18 -0.02 457
summarizes the statistics of the annual ENVISAT SLAs phase B (cycles 6 to 94) MODEL E _13'74 6.38 -6.23 15.78 MODELH -80.37 8949 -0.02 5.77
application of all geophysical corrections except that of the global and local IB ones. 2009 MODEL F 1057 3. 86 315 +5 54 “ |
Statistics of annual ENVISAT SLAs (m) MODEL G -10.19 10.42 2.24 +5.94 Prediction errors with LSC for the various covafri-
: : MODEL H -15.40 5.79 -7. 73 +6.31 ance models (cm)
period cycles  min max  mean std MODEL | 2236 7954  30.72 +28.59 SLA 4480 19.80 0.04 +7.50
2002 145021t0131-03 612  -0.552 1.044 0073 $0.134 __ MODELA -30.91 2950 0.19 +7.40
2003  13-1-03to22-04 1323 -0.773 1.015 0.007 #0.140 Figure 3: ENVISAT pass 444 empirical covariance functions through Prediction errors with LSC for the various covariance models (tm) MODELE  -30.91 2950 0.19 +7.39
2004 220410 171-05 2433 -0.802 1.061 0.025 +0.156 2007 and 2009 MODEL A -l 508 011 t1.991 | MODEL G -403.55 2342 1.03 +34.63
- - +
2005 17-1-05 to 21-06 3443  -1.142 1.1/9 0.029 +0.153 It is interesting to notice how the SLA variance varies through the I\I\;Ilgglét(B: ;g; g.(l)g _8'(1)8 i'gg
2006 2-1-06 to 221-07 44-54 1391 0893 0036 +0.146 epochs of each year, with high values in January, lower values iIn ' ' ' T
: : - : MODEL D -86.59 17.39 -1.43 +12.47
2007 92.1-07 to %1-08 5564 2781 0805 0030 +0.128 Spring due to reduced rainfall, increasing values as summer pro-
2008 2.1.08 to 241-09 6575 0727 0798 0.026 ;O 136 gress due to snow melt and the thermal expansion in-Auigust. MODEL E =195 5.09 0.10 £1.95
~Vo 10 244 hé ' ' = Finally, the variance values decrease again in Fall and start increas- MODEL F -8.98 5.27 -0.08 +2.07
2009 26-1-09 to 131-10 76-85 -0.761 0.725 0.046 +0.136 |ng INn November due to h|gher level of preupﬂa’uon MODEL G -9.00 5.27 -0.07 +2.07
2010 11-1-10to 221010 86-94 -0.523 0.897 0.056 0.167 MODEL H -9.94 5.29 -0.08 +2.18
MODEL | -11.58 10.37 -0.08 +4.57
Analytical covariance function models for 2D case
& 4 0 4 8 12 16 200 24 28 32 36 40 As far as the 2D case Is concerned, two tests have been carried
P L- TN I out. One using a complete cycle of the ENVISAT data for the en- Figure 8:ENVISAT SLA variance fluctuations from 2005 to 2009 and
48 o LT | N ‘J.,.f?_. - tire Mediterranean Sea (all passes included, see Figure 1 bot- correlation with SOI (left), NAO (top) and MOI (bottom)
3 e = 1}{‘.'_".‘5-"{".“ e tom)
“I « o . ‘ a This consisted of a total number of 11870 SLA observations, for _ o _ Conclusions N _ o _
tie kb TN - e | which analytical covariance functions were determined and pre- X Cycloestationarity in the SLA can be evidenced from the empirical covarfamctions. The statistical characteris-
wl) o 5 e e D S 1. dictions were made by omitting every second point and using tics of the SLA follow a regular annipalttern with the change of the epochs. Extremes from that is due to the
: ;e " B F ’ ] the rest to estimate the SLA in these locations (TEST D in the se-  DcSan response to ENSO events and atmospheric forcing,
oo™y S ‘*"*ﬁ, . | - quel) X In the alongtrack case, the prediction using the exponential analyteadariance function models provide the
% s ——g Vo =N g » ' overall best results, with MODEIgking the smallest prediction errors.
1. A v i = Figure 4: ENVISAT pass 444 variance variability for the period under The second test refers to using the entire set of ENVISAT data, to x The Gaus$larkov models give comparable results in the altragk caseand in the 2D case during TEST D, but
Figure 2(a) ENVISAT pass 399 SLAs for cycles 23,322,__ . il il _132 study predict SLA at an inner window where no observations are avall- have one order of magnitude largerrors during TEST E.

and 25 (left top), cycles 33, 34 and 35 (left middle) and ¢ 4 0 & & 2 1 20 2w B R ¥ 4«
cycles 43, 45 and 46 (left bottom)

A mean separation of the order of ~10 dmtween the repeated

Figure 1: ENVISAT pass 444 used for the along track (1D) SLA ENVISAT cycles-23-25 is evidenced.df the cycles 334-351t is
variance function study (top), distribution of ENVISAT passes in theinteresting to notice that cycle 34 misses a significant number of re-

C top, model D, F, E middle, model G, H,I bottom).

Figure 2(h : SLAs from ENVISAT cycle 44 along pass Mediterranean Sea (2D case) and pass 399 used for studying lineatords compared to the otheFor the cycled4, 45 and 46 covering

399 and JASONLI1 cycle 147 along pass 109 (right trends.
top).
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the first three months of 2006, an interesting agreement is found
between the consecutive records of the satellite

able. The inner window was selected for the area bounded be-
Figure 5: ENVISAT SLA along pass 444 analytical model covariance functions (model AyB5s S Sy .0 ol le/ &6 ™ p oK THigiresembles the case

when no information is available in a specific area and LSC is
used for the prediction. The validation is performed through

comparisons with the available observations (TEST E in the se-

qguel).

X In all cases, the Legendre polynomial expansion for the covariance fuigot@misappointing results since the
analytical model does not manageresemble the pattern of the empirical covariance function.
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