Modeling the barotropic response of the Mediterranean sea level to atmospheric
pressure forcing

D.A. Natsiopoulos$ , G.S. Vergos).N. Tziavos

Laboratory of Gravity Field Research and Applicatiopgpartment of Geodesy and Surveyifadstotle
University of Thessaloniki hessaloniki, GF64124, Greecet+302310994366¢dnatsio@topo.auth.gr

Abstract

An important characteristic of the Earth's atmospheétie direct impact on the marirenvironment and Earth's gravity field

are the variations of the atmospheric pressasédt often determinesind andweathempatterns across the globe. Variations

in atmospheric pressure and esially low atmospheric systesmfluencethe values of radaltimeter sea level anomalies

(SLA). This response of sea level is the Inverse Baronfi@gicorrection given by altimetsmwithin their geophysical data

records In this work, altimetric data sets from the satellite remote sensing mission of2Jardtheir total inverse

barometer corrections acquired by thebarard altimeters have been used for a periodtgfdays. Atmospheric pressure

data fromthe Live Access ServelLAS) of the NationalOceanic andAtmosphericAdministration (NOAA)are also

implemented in ordeto studythevariatiorsin the sea level due to atmospheric pressure in Mediterranea@i8en the

Jasor2 exact repeat period t#n daysthe available data are usedet@mminethe correlation between SLA variations and
atmospheric facing. Moreover, the IRorrection (local and global) given by the altimetevalidated against the response

of the sea level as well as its theoretical response. Additiomalggional multiple regression analysis between sea level
anomalies, the atnspheric pressure and wind speed components is carried out to model the barotropic response of the
Mediterranean to atmospheric wind and pressure forcing. Finally, in order to investigate the IB effect in the frequency
domain, a spectral transfer functioashbeen computed through the Fourier transforms of sea level and prAssinet

scales of 10 days an agreement between the consecutive SLA records of the satellite is observed and the total IB correction
given by the altimeter is closed to the expeaed of the-lcm/hPaln region with large discrepancies in air pressure the b
coefficient is close tel cm/barwhile in areas with stable air pressure the other coefficients tend to have large Vakies

transfer function of IB presents large values and discrepancies when air pressure gets the minmax values and values close to
zero when the air pressure is stable.
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1. Introduction

Variations in atmospheric pressure and esped@alyatmospheric systems influence the sea lénel972
Wunschexamined the Bermuda sea level in relation to tides, weather and baroclinic fluctuations and found that
continuum of sea level is dominated by pressure in an inverted barometer sense for periods shorter than a year
while in 1973, Gill and Nillefound animportant response of sea level to changes in atmospheric pressure
(Wunsch,1972; Gill and Niiler, 1973). The expected response of sea level to atmospheric pressure change is one
of major oceanic signals in tide gauge records. Similar works, have beenaalsan Mediterranean Sedere

the response of the mean sea level to atmospheric pressure forcing is analyzed using altimetry data of mission of
TOPEX/POSEIDON (Le TraoandGauzelin , 1997\Within the above frame, the presevidrk investigates the
correlation betweesea levelariations and itsesponse to atmospheric pressure change over short time scales

for the Mediterranean Sea. Additionally, the validity of the classical expected respbresel{P3g of sea level

to atmospheric pressure charfgéunsch, 1972; Chelton and Davis, 198&elton and Enfield, 1986s

examined through a multiple regression analysis (MGAgeflevel anomaligSLAS), wind speed and

atmospheric pressure data. Finally, the spectral transfer function between than@iafmospheric pressure

data is determined as well, to serve as an additional measure of the cobetemen the two.

2. Sealevel and atmospheric variations
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In order to study the response of the sea level to atmospheric variations and somgilegnission altimetry

data fromthe Jasor2 satellite have been used. These refer to a period of ~2 months, between-Dettshaber
2013,along track pass 196onsisting o repeatcycles(cycle 194 to 199)The specific time span was chosen
becausét wascharactezed by extremely lowpressurdields over the Mediterranean Sea and especially in the
area of the lonian and Adriatic Seas. Pass 196 consists ofl4008bservations for each cyciarting from
northern Libyapassingeastof Malta andcrossing the lonian and Adriatic S€&agure2). Jasor2 data where
acquired from the &larAltimeter Database ystemof TU Delft (RADS 2012)which presents a colleicin of

satellite altimetrydata of past and current missions. The altimefogervationsvere available in the form of
SLAs referensesmsdirf@acae oimenan depends on user selecti
was decided to refer thetdato the EGM2008 geoid@Pavlis et al.2012), keeping in mind that a zetwle (ZT)

geoid model is adopted to beline with the tideconventions used in altimetric data processing. All geophysical
and instrumental corrections have been applied, using the default models proposed by the RADJsystem
were a) ECMWEF for the dry tropospheric correctionsaaliometemvet tropospheric correctidor the wet
tropospheric correction, c¢) the smoothed dueduency model for the ionospheric correction, d) tidal effects due
to Solid Earth, Ocean, Loahd Pole from the Solid Earth tide, GO& écean tide, GOT8.load tide and pole

tide models respectively, and e) the Qi@rparametricSea State Bias (SSB) model for the SSB effidekije

et al, 2008).Atmospheric pressure and wind speed data fore¢heg under study were available from thee
Access Server (LAS) dheNational Oceanic and Atmospheric Administration (NOA®)vided at four times

per day intervals in a grid formahe latteispans the entire Mediterranean Sea bounded betw@@ti3d % 0
and-1° OaO  “wih a grid resolution of 5 arcmin. Given that the altimetric observations may contain voids in
their records, either due to land intrusion anflalyged entries in the geophysical data records, those have been
removed so as toonstruct a complete and homogeneous database.

The first part othe performedvork referedto the identification of sea level variations within the satellite repeat
period, i.e., for periods as short as 10 daydésonr2. This step aimed to identifihether the 1@lay SLA

variations follow a regular pattern, or some clear deviations can be identified. Later on the effort will be placed
at contributing these variations to atmospheric forcing or other phenomender to investigate such

variations,a single pass was selected fritaJasor2 satellite based on the following criteria: a) the pass shall

be long and span the entire basin in the msotlth or soutimorth direction (ascending or descending pass
respectively), b) there shall be no oddittand intrusion from isles or islands in the SLA records, c) the data
record shall be as consistent as possible throughout the satellite data record for the period of study, i.e., missing
records and/or voids should be kept to a mininfuisrgos et aJ 2012. Based on these criteria, it was decided

that pass 196 fatasor2 would be studiegdbeing amascending onestarting from northen Libya, passing East

of Malta and crossing the lonian and Adriatic S@&® study period for thdason2 SLA data is btween cycle

194 (15/10/2013) and cycle 199 (03/12/20T3blel summarizes the statistics of the SLAs after the application
of all geophysical corr¢ions except for that of the global and logalérseBarometemones. An analytical

description of the barometer correction is given in the following paragFapm that table it is evident that the
availableJasor2 SLAs present little vaaitions in thdirst thirty days(cycles 194 to 196), with differences in the

Table 1: Statistics of Jase SLAs per cycle [Unit: cm]

cycle date and time values min max mean std

194 15/10/2013 09:45 88 -7.43 8.60 -0.13 N3. 7
195 25/10/201307:44 107 -13.45 9.72 1.94 N4 . 4
196 04/11/2013 05:42 149 -7.71 9.77 2.08 N3. 6
197 14/11/2013 03:41 131 -10.76 26.03 12.21 N7. 4
198 24/11/2013 01:39 134 3.10 31.42 18.11 N5. 3
199 03/12/2013 23:38 146 -22.48 8.86 -9.36 N6. 8




range and mean value up to 4 cm and 1.5 cm respeciiuaiyng Novemberthese variations vary from 6 to 10
cm in the mean value while in the last 10 days there is as significant variation reaching 2@roms of the

mean value. Therefore it beconmagsparent that a more detailed outlook per cycle is heeded in order to detect
SLA variations.

Figurel presend the Jasot2 SLAs for cycles 19499, where the aloagack differences between consecutive
cycles can be investigatdtdshould be noted that as the satellite passes north frottuadsof 39.8and up to a
latitude of 42.3 no SLA data are available due to land intrusion and errors Bebphysical Data Records

(GDR9 due to shallow bathymetry from the two peninsulas of thei®vegjion (see alsBigure2). From Figure

1,it can be seen that ti8t As for cycles 194195and 1% are in googgreemenand they generally follow a

pattern of oscillating lower and higher SLASycles 197 and 198 deviate considerably by as much as 25 cm
from the former, indicating that some kind of forcing occurs in the SLA records. Note that while in the southern
part of the region cycles 197 and 198 agree very well, this does not happenarthieen part, where cycle 197

is in (relative) agreement with cycles 1946. The latter can lead to the conclusion that the source of SLA
forcing present in the cycle 198 is absent in cycle 197.
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Figure 1. Jasor2 pass 196 SLA®r cycles194to 199.

In order toinvestigate the SLA variations within the above time period, the atmospheric pressure variations
occurred have been examined as well. It is\ketiwn that the sea level resporysirostaticallyto changes in

the atmospheric pressure, hence the corresponding corrections in tefialtecords, i.e., the IB correction,

should be performe@Nunsch and Stammer, 199Df course the latter refers to studies where the contribution

of atmospheric ficing needs to be removed, such as e.g., geoid and dynamic ocean topography related works.
Within that frame, it was examined whetliee total barometer correction given by the altimeter is close to the
expected respons# about-1 cmhPaof sea level t@atmospheric pressure change. As a result, the total 1B
correction and the sum of global and local IB correction givémin the altimetric GDRs have beeompared

with theinstantaneous IB effect on sea surface heifin latter has beaaomputed fromtte surface

atmospheric pressudata availabl®  as

06 wBoT P 0 0 (1)



where’O6 is the estimated IB effect anidis the time varying mean of the global surface atmospheric pressure
over the oceansvhich was set equal to 1013.8Ba Eqg. 1 contains two parameters that need further discussion.
Theadoptedscale facto®.948cmhPais an empirical onestimated byVunsch(1972 and corresponds to the

IB response at mid latitude®lote that this mode afalculation follows the AVIS@008algorithms for the
construction of corrected sea surface heights from the original altimetric observations. It will be a matter of
discussion at a later section whether this rather simple fash@mputing the sea level response to

atmospheric forcing is appropriate and whether the scale factor applies to the area and time period under study
a more regional index should be employed (Ponte 1993)18@reover, we have set the time varying mea
atmospheric pressure equal to a constant value, i.e., 101Ba28b that we would not have to compute a time
varying average. For the current experiment, where we need to address whether the sea level variations in the
area and period under study camlieibuted to atmospheric and wind forcing, this assumption does not
introduce biasegOn the other handf the employedasor2 SLAs would be studieth combination with
Topex/Poseidon data, then the time varying mean value of 16BR@&opted in théatter and the consequent
difference with the currently adopted value should be considered (see also the disoubsidasonl/2
handbookAVISO, 2011).

Within Eq. (1),0  will come from the available surface atmospheric pressure data foeribe pnder study.

In Figure2 atmospheric pressure vakiat sea levelfor the periochnd areainder studyare depicted. The
atmospheric pressure data used are values from LAS of NOAA given four times araayaranin grid,

spanning the entire Mediterranean @adbounded between 303G O %alAd-1° OO %4FRbr each cycle

two sets of data are plotted depending on the time of the satellite, except for the cycle 199 where only air
pressure at 00:00 is depictieecause the satellite passed the region a few minutes earlier. Air pressure values at
sea level vary from 1000 to 1040 hiihin this 50-dayperiod. For most datgair pressure is close to 1010

1020 hPa. @ Decembe#ththe highest values are observe@3®1040 hPa) while the smallest anare

observed ten days earlier when it is near 1000 Rigare3 andTable2 present the statistics and the variation of
theavailablefrom the GDRs ad computed with Eq. 1 IB corrections. Compaifilgure1 andFigure2, the

inverse relation between SLAs and IB effects is clearly visible. VeaBnatmospheric pressure condition

prevail over cycles 194, 5%and 196~1020 hPajhe IB correctioris moderate in the alorigack direction of

the pasand has a variation of8cm only. A slight exception is the north part of the track for cycle 196 on
November 4, where an atmospheric low is formed and the pressure drops by ~10 hPa, with a consequent large
increase in the IB correction of ~10 cm (sE®&igurel the deviation of cycle 196 in the northern part

compared teycles194 and 195)This situation changes drastically for cycles 197 B9l where a lower

pressure field in the southern part of the pass prevails with the atmospheric pressure dropping by 10 hPa and the
IB having a range of 10 cm. Cycle 198 is dominated by the atmospheric low over-easteah Mediterranean

with the presgre dropping from 1018Pato ~1003 hPa), the latter presenting a 20 hPa pressure change
compared to the quite field of cycles 194 and 195. The IB correction has again a large range of 12 cm being also
25 cm higher than the minimum observed for cycle Fa@5.cycle 199 the area is dominated by kgbssure

being around 1018 hPa for the southern part and 1026 hPa for the northern one.

As far as thdB correctiors themselves are concerngédble? presents) thetotal IB as derived by the MOG2D

(2D gravity waves model) of Lynch and Gr&l979)representing the high frequency atmospheric forced

variability, b) the sum of locahigh-frequencyand globalow-frequencylB correction agalculated from

ECMWEF 6hr pressure datandgivenin the altmetric recordsandc) thelB correction as calculated i3g. 1

using the atmospheric pr(sesFgue2eA sv ad awienst & & ooru tN ChAYA 6Ga rl
(2003)the classic IB correction applied in the altimetric data, modelstbalgtatic part of the ocean response to
atmospheric forcing andmpletely neglects wind effects, which prevail in the haghd lowlatitude, and more
energetic, areadlote however that the area under study is hbigh latitudes so it remains to be seen whether

the simple IB correction computed with Eqg. 1 is sufficient to reduce the SLA vartamed. differences (2 5

cm) are observed between the correction while the IB correction given by equation (1) idaltisesum of

local and global values. In some cycles the global value of IB was not available and as result the sum is equal to
the local correction. As a result, local 1B correction given by the altimeter represent very good the local pressure



field and the correction is close to correction calculg#®&dISO, 2011). Finally, the barometer correction given
by the altimeter is close to the expected respoiisenihP3a of sea level to atmospheric pressure change
(Wunsch, 1972Gill and Niiler, 1973 Chelon and Enfield, 1986]. This is logical as the region of the pass is not
very big andhe period is less than a wedlofite et al., 199Ponte, 1998

Table 2: Statistics of IB corrections per cycle. [Unit cm]

194 min max mean std 195 min max mean std
total -8.81 563 |-7.70 |N1. | total -11.28 | -8.31 |-9.50 NO.
local+global -9.81 714 |-8.71 | NO . |local+global -12.01 | 217 |-10.73 |NO.
IB calculated | -6.67 517 |-6.18 |NO. |IBcalculated | -8.65 -6.67 | -7.50 NO.
196 min max mean std 197 min max mean std
total -11.12 | -3.15 [-822 |[N2. | total -10.37 | 0.00 | -2.04 N3.
local+global -8.51 1.47 -5.27 | N3 . | local+global -2.73 410 |217 N2 .
IB calculated -6.67 3.28 -3.85 N3 . | IB calculated -2.69 1.79 0.69 N1.
198 min max mean std 199 min max mean std
total 1.93 13.25 | 6.24 N3 . | total -12.12 | -6.36 | -8.07 N1.
local+global 3.50 10.66 | 7.34 N2 . | local+global -12.26 | -4.26 | -6.64 N2 .
IB calculated | 3.78 9.75 7.31 N2 . |IBcalculated |-12.63 |-4.68 |-7.12 N2 .

3. Multiple regression analysis and spectral transfer function

A regional multiple regression analysis between sea level anomalies, the atmospheric pressure and wind speed
components is carried out to model the barotropic response of the Mediterranean to atmespharid

pressure forcingAs with the air pressure data, wind speed data components have been collected from the LAS

of NOAA. Thewind speed used are wind speed vectors (m/sec) at 10 meters above ground on the same hour and
date with air pressure valupsr ov i d e d by LAS of NOAA given four tim
spanning the entire Mediterranean Sea bounded betwe@ii3D %afd-10° OO % Rbr each cycle two

sets of data are plotted depending on the time of the pass, exceptdgrlésel196 and 199. For the cycle 196

wind speed data is a mean field estimated between the 00:00 and and the 06:00 field. For the cycle 199 only

wind speed at 00:00 is depicted because the satellite passed the region a few minutes earlier. Two different
approaches for the linear regression between sea level wind speed and atmospheric pressure have been used. Th
first one with three regression coefficients nad the second one with five regression coefficients In the 3
coefficients case, they represent atpiasic pressure and two wind speed components, one in theBA&tsind

another in the Nor#$outh direction for the point under consideration (Tsimplis and Vlahakis, 1994). In the 5
coefficients case there are two additional wind speed components foetieeling and following points

(Wunsch, 1991Fu and Pihos, 1994The simple linear regression models when estimating 3 and 5 coefficients

are outlined as :

[ &R OO QO 2

[ aodn G0 O HL GO €)

wherern) is atmospheric pressure in hBaandv are wind speed components in the two directidasle3 and
Table4 summarizehe estimated coefficienfsr both cases investigated
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Figure 2: Atmospheric pressure at sea legeér the Mediterranean from the period under study.
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Figure 3: Air Pressure (hPa) at sea level and various IB corrections (cm) for all cycles




Figure 4: Wind speed vector (m/sec) at 10 meters above grolimel fields correspond to tldates outlined in Figure. 3






