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Abstract. We used a global long-term (1995-2015) data sdbtafl column water vapor (TCVW) derived from satell
observations to quantify to which extent the terappatterns of various teleconnections can be ifiesin this data set. To
our knowledge, such a comprehensive global TCW\A d&t was rarely used for teleconnection studie® @hportant
property of the TCWV data set is that it is purbBsed on observational data. We developed a nevirieahpnethod to
decide whether a teleconnection index is signifiatietected in the global data set. We comparechew method to well-
established hypothesis tests and found good agreemith the results of our approach. Based on anpigcal method
more than 40 teleconnection indices were signitigadetected in the global TCWV data set derivednir satellite
observations. In addition to the satellite dataale® applied our method to other global data setiveld from ERA-Interim.
One important finding is that the spatial patteotsained for the ERA TCWV data are very similarthe observational
TCWV data set indicating a high consistency betwibensatellite and ERA data. Moreover, similar hssare also found
for two selections of ERA data (either all datanminly clear sky data). This finding indicates thi@ clear-sky bias of the
satellite data set is negligible for the resultstios study. However, for some indices, also syst&rdifferences in the
spatial patterns between the satellite and model skt were found probably indicating possible &onings in the model
data. For most ‘traditional’ teleconnection datdssésurface temperature, surface pressure, gedptdreights and
meridional winds at different altitudes) a smalember of significant teleconnection indices wasnithan for the TCWV
data sets, while for zonal winds at different atliés, the number of significant teleconnectiondedi(up to >50) was
higher. The strongest teleconnection signals weuad in the data sets of tropospheric geopotehgéhts and surface
pressure. In all global data sets, no ‘other irglidsolar variability, stratospheric AOD or hurnta frequency) were
significantly detected. Since many teleconnectinides are strongly correlated, we also appliedrathod to a set of
orthogonalised indices, which represent the dontiriadependent temporal teleconnection patterns. mamber of
significantly detected orthogonalised indices (2@ found to be much smaller than for the origindices (42). Based on
the orthogonalised indices we derived the globaltiap distribution of the cumulative effect of tetexnections. The

strongest effect on the TCWV is found in the trepand high latitudes.

1 Introduction

It has been known for a long time that weatheme location can be linked to weather at a far didacation (Walker and
Bliss, 1932; Bjerknes, 1966, 1969; Wallace and ®utA4981; Nigam and Baxter, 2015; Feldstein arehtzke, 2017 and
references therein). The distances between suctidos can be very large, up to opposite locatiomghe globe. The
strength of the correlation varies with locatiorhigiting regions of maximum (anti-) correlationsdaregions without any
significant correlation. The resulting correlatigratterns are referred to as teleconnection pattefihe strongest
teleconnection is the EI-Nino / Southern oscillati@NSO) phenomenon (Walker and Bliss, 1932; Bjeskr1966, 1969),
but many more teleconnection are known, which amated in many regions on both hemispheres (elgisteén and

Frantzke, 2017 and references therein).
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The temporal variability of teleconnections is Ugudescribed by teleconnection indices (e.g. #orof surface pressures
at selected stations) and covers a wide rangeeguéncies from a few days to inter-annual and Hdésadal time scales
(Hurrel, 1995; Feldstein, 2000; Nigam and Baxtedl% Woolings et al., 2015; Feldstein et al., 201&jmospheric
teleconnections (e.g. the North Atlantic OscillatioNAO) have typically higher intrinsic frequencidlsan oceanic
teleconnection indices (e.g. the Atlantic Meridibhde, AMM).

Teleconnections can be identified in different dsetés like sea level pressure, surface air temyeragea level pressure as
well as geopotential heights and wind fields atedént altitudes (Wallace and Gutzler, 1981; Thoompand Wallace, 1998;
Nigam and Baxter, 2015; Feldstein and Frantzke7R0h recent studies, the geopotential heighhésrmost used variable
for the quantification of teleconnections. Telecections are mainly found in the troposphere with slrongest amplitudes
in the upper troposphere (Feldstein, 2000). Buessteleconnections have also connections totth#éosphere (Feldstein,
2000 and references therein; Nigam and Baxter, ;2(@ddstein and Frantzke, 2017; Domeisen et al]l9p0
Teleconnections can be identified and defined ffedint ways: historically, teleconnection indiogere empirically and
intuitively determined based on the locations otepeological stations (e.g. Walker and Bliss, 1932)later studies more
objective methods were developed based on cowslatiatrices, principle component analyses (PCAjo(aéferred to as
empirical orthogonal function (EOF) methods) oratett PCA (also referred to as varimax rotation).réMdetails about
these and further methods can be found in Hore8X19Wallace and Gutzler (1981), Barnston and Leye$1987),
Thompson and Wallace (1998), Feldstein and Fran(2k&7) and references therein. If these methodsapplied, the
derived teleconnections time series and spatiaépest particularly depend on the selected regiahefglobe. Most of such
studies use pressure or geopotential heights andamfined to midlatitude and Arctic regions in therthern Hemisphere
because of the barotropic conditions in the trddat#udes. Thus usually, these methods are ngliegfor the full globe.
Besides the fact that teleconnections are intergsti themselves, their study is also importantditrer applications. For
example, taking teleconnections into account caprave weather forecasts (Feldstein and Frantzké7 20d references
therein). They have impact on extreme events,hegt waves, droughts, and floods (King et al., 20Eh et al., 2018 and
references therein) and can affect storm tracksaddition to atmospheric quantities (e.g. humidipyecipitation,
stratospheric ozone), teleconnections also affedamic variables (e.g. Arctic and Antarctic sea, itlee Atlantic
thermohaline circulation) and the marine and teéri@secosystems (Feldstein and Frantzke, 2017rafetences therein).
Finally it is worth noting that teleconnections apgected to change in a changing climate (e.gg €inal., 2016; Feldstein
and Frantzke, 2017; Yeh et al., 2018).

In this study we investigate to which extent theaperal patterns of various teleconnections cardbatified in the global
distribution of the total column water vapor (TCW\For that purpose we use a consistent long tetensid (1995 — 2015)
derived from satellite observations in the visilgpectral range obtained from GOME on ERS-2, SCIAMACoON
ENVISAT and GOME-2 on MeTop (Beirle et al., 2018he data sets consist of monthly mean values ofi & 1°
latitude/longitude grid, which were carefully medgmaking use of the long overlap time between fifferént satellite data
sets (for details see Beirle et al., 2018). Valafatby independent data sets showed a smooth tenpariation with a
stability within 1% over the whole period (1995-B)1Danielczok and Schréder, 2017). To our knowéedgleconnection
studies using water vapor data sets are rareM@gMalderen et al., 2018). One particular speciadtdvantage of our study
is that we use for the first time a global datavgeich is entirely based on measurements. Hegsitihportant to note that the
TCWV is dominated by the atmospheric layers closethte surface. Another important aspect of our ystigd the
development of a new empirical method to decidethdrea teleconnection (index) can be significandgntified in an
atmospheric data set or not.

Our study addresses the following main questions:

a) Which teleconnection index (and other time sesiech as indices of solar activity) can be sigaiitly identified in the

satellite TCWV data set (or other data sets)? Hteshould be noted that with significance we danéan that an index is
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significantly detected everywhere on the globe. ®ve rather interested in whether an index is Sicanitly detected

somewhere on the globe, which is usually refercedd ‘field significance’ (see e.g. Wilks, 2006)eVdlso do not aim to
identify causal relationships or even to prediet TCWV based on teleconnection indices.

b) Are the same results obtained for TCWV data fiaservations and models? Here also the questiaddsessed how
representative the satellite observations (for fgaghear sky) are for all sky data sets. Anothepdmant aspect is to
compare the spatial patterns obtained for the rdiffe teleconnections between the satellite and mdda sets. Such
differences can give hints on possible shortcomafgee model simulations or measurements.

¢) How does the number of significant teleconnettim the global TCWYV data sets compare to siméaults obtained for
“traditional” teleconnection data sets like surfaemperature, sea level pressure or wind fieldsgeapotential heights at
different altitudes? From this comparison we canctiede whether our global TCWV data set is suitdtéleconnection

studies. One advantage of the use of this TCWV skités that it is exclusively derived from measoeats.

d) What is the spatial distribution of teleconnestpatterns found in the global TCWV distributicdfie motivation for this

guestion is that the different teleconnections hapecific drivers (e.g. tropical convection). Thire obtained spatial
distributions can give hints on the underlying nmadhms.

The paper is organised as follows: In section 2dgllebal data sets used in this study are introduaad in section 3 the
considered (mostly teleconnection) indices are ritesg. Section 4 presents the fit function of thdi¢es to the global data
sets and the obtained global patterns. In sectianng@w method for the determination of the sigaifice is introduced,
which is applied to the different global data setsection 6. In section 7 a reduced set of orthatised teleconnection

indices is extracted and. Section 8 presents thigagdistribution of the cumulative effect of tledetconnections.

2 Data sets

2.1 Total water vapor column

Our study focuses on global long term data seteeofotal column water vapor (TCWV). Here we usedhdata sets:

a) Satellite observations from July 1995 to Octab@t5 (Beirle et al., 2018) derived from the séteihstruments GOME
on ERS-2 (1995 to 2003), SCIAMACHY on ENVISAT (2062 2012) and GOME-2 on MetOp (2006 to present)icivh
have similar overpass times (between 9:30 and 10130 The data analysis is performed in the redcspérange. Since
these satellite instruments observe scatteredeftetted sun light, the observations are sensftvehe whole atmospheric
column including the surface-near layers which Uguantain the largest fraction of the total atrpbsric TCWV. The start
date of the time series was predetermined by #mt at the first satellite mission; the end datehaf time series was set to
October 2015, because some of the used time segi@sonly available until that date. The data setvailable on a 1° x 1°
latitude/longitude grid with monthly resolution. dlilata set does not cover polar winter, since dtedlise observations use
scattered and reflected sun light. It should bedohat the satellite data set used in this stualy eptimized with respect to
temporal stability, which makes it well-suited fdimate studies. However, because of the ratheplsimnalysis approach,
for specific situations small systematic biasethefabsolute values might occur, e.g. relatedecetfects of surface albedo
or terrain height. It should also be noted thatghtellite data set has some gaps over high masnfdue to the simplified
cloud filter) and north of India (because of roetimternal calibration measurements of the GOMHErumsent over that
region).

In Fig. 1 the variation of the TCWV with latitudedtime is shown (the latitude bins represent dgrealeraged values).
The top panel shows the original TCWV data set,r@&g both lower panels present the absolute aativeeenomalies with
the mean seasonal cycle removed. Several anomabripmare clearly obvious, which are mainly redate strong ENSO

events (see e.g. Soden, 2000; Simpson et al., 20@fner et al., 2005). Especially for the rela@remalies, many high
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frequency variations are found. While part of thbggh frequency variations represent measuremeaserand atmospheric
noise, the results of this study showed that they @epresent atmospheric teleconnections.

In addition to the satellite observations of theWWZ we also use global time series of the TCWV dedifrom ECMWF
reanalysis (ERA Interim, Dee et al., 2011). Themmairpose of using model data is that we want éoifsteleconnections
are found in a similar way in both satellite anddelodata sets. In addition, the use of model dit@a a@lows to quantify a
possible clear-sky bias in the satellite observatidbecause these observations are made for m@alg-free conditions.
Therefore we use two data sets:

a) All ERA data including clear and cloudy conditso

b) Only ERA data for clear sky observations. Hareloud cover below 0.3 between 1km and 6km isrceghas cloud free.
This criterion reflects the observational condisa@i the satellite data set.

Both data sets have a temporal resolution of 6h.tf@® comparison with the satellite TCWV resultse ERA data were
temporally interpolated to the time of the satellibverpass (10:00 LT). From the comparison of teults for the
measurements and model data sets, the effect ofgheific sampling of the satellite observationsimyacloud-free
situations can be investigated. The applicatiothefcloud-filter leads to a reduction of the numbieconsidered model data
of about 40%. In Fig. 2 the global mean distribnsi@f the TCWYV data sets from satellite observatiand ERA data are
shown. Similar patterns are found in all three d&ts indicating the good consistency amongst tidm.highest values are
found over the tropics, especially over the westifika Lower values are found towards higher latés showing the strong
dependence of the TCWV on temperature.

2.2 Other global data sets

Teleconnections patterns are usually derived frosteorological quantities like surface pressure &smdperature or
geopotential heights and wind fields at differehitwdes. In this study we also consider such gtiast which we also
obtained from ERA data (see Table 1). We analyssetldata sets similarly to the TCWV data sets i{dedse described
below). In this way we will assess in how far thepact of teleconnections on TCWV is comparable réalitional

teleconnection data sets.

3 Teleconnection indices

We performed an extensive search for teleconnedtidices in the scientific literature and web sitdsnational weather
services. We found in total 54 teleconnection iagjcwhich cover the time span of our TCWV data Aetoverview on
these teleconnection indices as well as additibmad series (e.g. of the solar activity) is giverTiable 2. Here it should be
noted that for some of these indices with low fieegies (e.g. MGII or IPO) no full period is covereg our 20 year-long
satellite TCWV data set, which might be one reasbg they are not significantly detected.

Although we do not only focus on teleconnectionidged in this study, in the following we use thentéindex’ to describe
the whole set of teleconnection indices and otinee series.

It should be noted that for several teleconnedtidices (in particular for the Madden-Julian ostithn) different definitions
exist. Thus the number of teleconnection indice$able 2 is much larger than the corresponding spheric phenomena.
Many of these indices (describing the same phenomerbut also many of the other teleconnectiondesliare highly
correlated. The strength of these correlationsrésgnted in Fig. 3 as a matrix with correlationfioents between the
different indices (after the seasonal cycles wereaved). In spite of the correlations amongst ¢heconnection indices, we
decided as a first step to include them all in giudy, because beforehand it is not clear whiclmdight be best suited to

represent a teleconnection phenomenon. Using ounirieal approach, however, it becomes possible uantjfy the
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significance and strength of the different indicasd thus to select the best suited index for argitgeconnection
phenomenon. Finally, we apply an orthogonalisatasrthe most significant indices (see section 7)nfaimise the effect of
the correlations and to identify the dominant terapteleconnection patterns in our TCWV data set.

A detailed overview on the selected indices and thea sources is provided in Fig. A6 in the agjpen
4 Analysis of global data sets

To determine the strength with which individual izes are detected in the temporal variations ofdifferent global data
sets, the index time series are fitted to the dldb#a sets as described in section 4.1 below. rBdfee fit is applied, the
mean seasonal cycle (1995 — 2015) and a linead e subtracted from the individual indices (see ldorel 1981). Some
teleconnection indices are characterised by stsaagonal cycles, whereas others are not. Finalplkained anomalies are
normalised by the corresponding standard deviatidbhis ensures that the obtained fit coefficiemtsthe different indices
can be directly compared. The different steps e$é¢hpreparations are illustrated in Fig. A7. Farststency, the same steps
are also applied to the different global data betsre the fit is applied.

4.1 Fit function

For each 1° x 1° latitude / longitude pixel of tjlebal data sets (the example below is for the TQWi¢ de-seasonalised

time series of the monthly mean anomalies aralfittethe following function:

TCWV/(t) =c+bst + f, >index(t) @

Here ¢ and b describe constant and linear teimdex represents the selected normalised index of mpntlelan anomalies.
The fit coefficientf; describes the sign and strength of the contribubiothe chosen index to the variability of the TEW
anomaly of the chosen 1° x 1° pixel. The constdfget ¢ and possible linear trend b and the fitfident f; are
simultaneously determined by the fit. An examplehef derived fit coefficient for the ENSO indexsisown in Fig. 4 (top).
Systematic patterns with positive and negativec@efficients are found. The fit function is sepahatapplied to the
individual indices listed in Table 2. Here it shddde noted that the fit function could in princigde applied to several or
even all indices simultaneously. However, since ynadices are highly correlated, the interpretatairthe results would
then not be straight forward. Thus, we chose ttude the individual indices one by one in the {ibétion. Besides the
parameters c, b, and the fit coefficidntalso the difference between the temporal vanatibthe global data sets and the
applied fit function is quantified by the root mesguare (RMS). The RMS for the ENSO index is shawhig. 4 (second
row).

In order to quantify the importance of a seledtettx, a second fit is performed with only the stamt and linear terms:
TCWV(t) =c+b>t )

The comparison of the RMS with and without incluglthe index term (egs. 1 and 2) allows to quaritiyy importance of

the chosen index to describe the temporal variaifdhe data set. Therefore the following quanstygefined:

RMS,inoutindex - RMSini
de|ta RMS: %\/ithoutlndex %VIth index (3)

meanof dataseflatitude)
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The RMS differences are divided by the zonal mealnes (see appendix 1) of the considered quantggabse (like for
water vapor) many of the analysed quantities depémehgly on latitude. The delta RMS is a measordte magnitude of
the variance of a considered data set, which caaxpkined by the chosen teleconnection pattertielfe is high similarity
of the temporal variation of an index with the temgl variation of the considered data set, thead@MS values for both
fits is large. If there is no similarity, the cosponding delta RMS value is zero.

It should be noted that instead of the delta RMIBe& also the correlation coefficients betweencihesidered data set and
the fit function (eq. 1) might have been used stheespatial patterns of both quantities are vemyiar (see Fig. A8).

The delta RMS value for the ENSO index is also showFig. 4 (bottom).

The fit results in Fig. 4 for the ENSO index argadbed for the TCWV from satellite observationdtjleERA data (center),
and ERA data for clear sky conditions (right). Hifghcoefficients (Fig. 4 top) mean that a substdrart of the measured
TCWV time series can be explained by the ENSO indattern. High negative fit coefficients mean tlzne for the
negative ENSO index. Fit coefficients of zero irdé& no connection to ENSO. Very similar spatiatgrat are found for
the three TCWV data sets indicating that the EN®&npmenon is well captured in the satellite and ehddta sets. From
the similarity between the model data including sk conditions (center) or only clear sky condiga(right) it can be
concluded that the satellite observations (reptasgmainly clear sky conditions) are representafior all sky conditions
(no obvious clear sky bias).

In all three data sets, the smallest RMS (Figedpad row) are found close to the equator. Thamigteresting finding, but
can probably be explained by a) the rather high WMC&Md b) its rather small variability in these m@gs. In mid-latitudes,
systematically higher RMS are found for the saeeltibservations compared to the model results. i§hpsobably related to
the rather large effects of clouds on the satetliiservations, which becomes especially importarthése regions (clouds
lead to less valid observations and larger measeménomcertainties). Another interesting findingtiat in polar regions the
RMS for the satellite observations is smaller tf@anthe model results. This finding is probablyated to the sparseness of
water vapor measurements in these regions assohilatthe ECMWF model. Thus the spatio-temporaladmlity of the
satellite observations is probably more realistiant that of the model data. The RMS for the modsuits for clear sky
conditions is slightly higher than for the modebuks for all conditions, which is to be expecteztduse of the reduced
number of input data for the cloud-filtered data(sdout 40% less compared to the non-filtered data

The lower panel of Fig. 4 shows the delta RMS fer ENSO index indicating the reduction of the RM&& ENSO index
is included in the fit. As expected, the largedtad®MS is found over the tropical Pacific, whelne ENSO phenomenon is
most pronounced. The global distribution of thetalé@MS is very similar for the three data sets. Tiheoefficients and
delta RMS for three other selected indices are shiowFig. 5 for the TCWV data set from satellitesebvations. For all
indices, specific activity centers can be foundlifferent parts of the globe. The fit coefficierits all indices are presented
in the appendix (Fig. A9). Note that in generalyeimilar spatial patterns are found for the thi€&WV data sets, but in
some cases also systematic differences are deffivethore details see section 6.1). As expectedgrfoups of indices with
strong temporal correlation also similar spatiattgras are found. This is most obvious for indisesilar to the ENSO
index (first group of indices in Figures A6 and A8imilar spatial patterns are also found for otpairs of indices, e.g.
between the Hawaiian Index (HAW) and the Pacific&ual Oscillation (PDO) as well as between the I$dubpical
Atlantic index (STA) and the Equatorial Atlanticdiex (EA_errst).

5 Determination of significance

For most teleconnection indices spatially cohepatterns of fit coefficients and delta RMS values #ound in the global
maps (see Fig. A9) indicating that these indicessignificantly detected in the global water vapata sets. These spatial

patterns agree also well to the known regions wlieeecorresponding teleconnections are active.rimétion about the
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significance of the fit results can be obtainedrfrihe fit function itself. However, in practice etsignificance information
from the fit has several limitations:

a) The determination of the significance is basedeveral assumptions about the data sets, etcalttdata points of the
time series have the same uncertainties and falowrmal distribution. However, the errors of thdividual data points
can be very different, e.g. the effect of cloudgtmnerrors of the satellite TCWV data set can dxy different for different
seasons and regions. Also, the uncertainties arermy random but contain also systematic contidng. It is difficult (if
not impossible) to quantify the uncertainties & thvolved time series.

b) The determination of the significance is basegi@scribed significance levels. The choice ohsaisignificance level is
arbitrary and the obtained significance informati@pends on this choice.

c) In several tests we fitted artificial time serito the TCWV data set. These tests showed that &mesuch non-
geophysical time series ‘significant’ fit resul@ncbe obtained (see the examples in Fig. 6). Ofefhside of this figure, fit
results for a time series containing only whitesegiand on the right side fit results for a temibppraversed teleconnection
index are shown (the temporally reversed indexbigsioed from the original index by mirroring theng axis). The blue and
red areas show fit coefficients for both time sgrighich are classified as significant by the fit.

To address these difficulties, we developed andiep@an empirical approach to determine threshealiles for the delta
RMS values to decide whether an index is signifigadetected in a global data set. The new proaditidescribed in the
next section. It has the following two main advaetst

- the threshold values are determined empiricalljus no assumptions on the properties of the tiemes or the
significance levels have to be made.

- the method provides a clear procedure and ingodatt a metric which can be applied in a consisteay to different data
sets and thus allows a quantitative comparisongseton 6).

We compare the results of our empirical approadleterature hypothesis tests and found good ageae(see section 5.2)
5.1 Use of reversed indices

The basic idea of our new approach is to use noplgesical indices for the estimation of the sigrafice level. Non-
geophysical indices are indices without any temipowerelation with the temporal variations of tlwéstigated geophysical
data sets. For that purpose we chose all temporallgrsed indices (see Table 2 and Fig. A6), becdlusy cover all
relevant frequencies of the true teleconnectiompréctice, the time axis is flipped, that mearesfitst entry (July 1995)
will be assigned to the last month (October 20&aBj so on. In a first step, we calculate the 9@tiegntile of the delta RMS
values of the reversed indices for all 1° x 1° fsixef the global map. We chose thé"qercentile because it is close to the
maximum, but still not affected by individual oetis. Here it should be noted that the exact chaidbe percentile is not
critical, as the same percentile is applied to lwthinal and reversed indices. We found exactlshme set of significant
indices (see below) if we used thé"q%ercentile or the 98percentile.

The red data points in Fig. 7 presents the 99tbegmiles (p99) for all reversed indices for theethT CWV data sets. From
the mean value and standard deviation of the efuitall temporally reversed indices, we calcukatéreshold value (black
dotted line in Fig. 7) for each data set (for dstaee appendix A2). The obtained threshold vatwelfe TCWV data set
from satellite observations is 0.0031. We also iggpthe same method to a set of 100 artificial cemdime series and
obtained a slightly smaller threshold value of @D0ndicating that the threshold value obtainedmfrthe temporally
reversed time series is reasonable.

If the p99 values are above the threshold, itkislyi that the considered index significantly cdmiites to the variability of

the considered data set and vice versa.
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In Fig. 7 besides the p99 values for the temporaiiersed indices (red), also those for the origitdices are shown (blue).
For many of the original indices, the p99 values eauch larger than the threshold value indicathray these indices are
significantly detected in the respective data set.

In addition to the use of the absolute thresholthefdelta RMS values for the determination of igance, we also made
use of the effect of time shifts applied to theiviglial indices. The underlying idea is that thétaldRMS values should
decrease if the original indices are de-synchrahizet 1 month. The details of this approach are desgribeppendix A3.
Using this additional criterion, a few more indiG® added to the number of significantly detetédeconnection indices.
For the TCWYV data set from satellite observatighe,number of significantly detected indices inse=afrom 40 to 42, for
the ERA TCWYV data set from 43 to 44, and for theAERita set for clear sky conditions from 39 to 42.

5.2 Comparison of the results from the empirical aproach to established tests

We compared the results of our new empirical apgrda those of standard methods for significanctirtg. For this
purpose we derived the local p values for eachviddal fit by a two-tailed t-test. As standard nmik we applied the so-
called Walker test and the false discovery rateR}-f2st (e.g. Wilks, 2006; 2016). The Walker testaithe minimum local
p value derived from the individual fits as thelgibtest statistic. The FDR test compares the pegbf all grid pixels with
the distribution of the statistically expected FOButh tests deal with the problem of field sigrédfitce. Another advantage
of both tests is that they are rather robust wibpect to spatial correlations. We also accounteftects of temporal
autocorrelation within the fit method by assumingAR(1) process of the fit residual (Seabold andkf@él, 2010). We
applied both standard tests to the satellite TCVElAdet and compared the results to those of opirieal approach using
reversed indices (Fig. 8). Especially for the Fid3t, very similar results were obtained compa@dur empirical
approach. Only a few indices with low frequenci®0, Q70, and IPO) which were previously found ¢oshghtly above
the significance level, are now found to be sligttlow the significance level. Conversely, someviusly non-significant
indices with high frequencies are now found to lighfly above the significance threshold. Thesendes are related to the
fact that for the new method we also accountedHertemporal correlations of the indices. The niwgtortant finding is,
however, is that these differences between the FEE¥R and the old method are only found for indicésse to the
significance thresholds and thus don't affect tr@miindings of our study. The number of significamdices found for our
empirical approach and the FDR test differs only2k#2 for our empirical method and 44 for the maethod) if one takes
into account that the OOMI2 and FMO2 as well as@@MI1 and FMOL1 indices are very similar.

Another interesting finding is that for the Wallkesst and the FDR test exactly the same numbergoifgiant indices is

found. However, the order of importance obtainetnfiboth tests also shows large differences for Sodiees (Fig. 8 top).

6 Results for the different global data sets

6.1 Comparison of the results for the TCWV data seatto those for the other data sets

A rather high number of significant indices wasntiged in the global TCWV data sets. To put thisding into a broader
perspective, we applied the same procedure alsthtr global data sets, which are usually consiléneteleconnection
studies (see Table 1). The corresponding p99 vaddiethe different indices (including also the resest indices) are
presented in Fig. A10. In general similar resuida the TCWV data sets are found. In particular,all data sets a large
number of teleconnection indices is significantlgtetted. However, also differences are found: irntiqdar, the

teleconnection index with the maximum p99 valuéoisnd to be different for the different data sdéter the TCWV data

sets, surface temperature and pressure, as walbsisof the zonal winds, the largest p99 valuedared for indices similar

8
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to ENSO. For the TCWV data sets and surface terhperahis can be expected, because the ENSO plegrwomnis driven
by the surface temperature (over the tropical RaciAccordingly, also the TCWV data sets will biosigly affected,
because the TCWV depends strongly on the temperatuhe lowest atmospheric layers. The strongiérite of the ENSO
phenomenon (BEST index) on the zonal winds at nes&tls can probably be explained by the fact thagd scale
phenomena like ENSO can have a strong influencdeiguasi-persistent zonal flow patterns in theit®and sub-tropics.
For the geopotential heights and meridional wirlds,largest p99 values are found for the polar apheric indices (mostly
AAO, but also SCA). For the geopotential heighis thight be expected because the polar atmospimelites are defined
based on anomalies of the geopotential heighto #ds the zonal winds, the largest p99 values atend for the polar
atmospheric indices, which is probably caused bysthong relationship between geopotential heightswinds.

A summary of the number of significant indices dnel teleconnection index with the highest p99 iegiin Table 3. Most
significant indices are found for the zonal windghvwthe highest number in the upper troposphere.tiese data sets the
number of significant indices is larger than foe thCWV data sets. For geopotential heights and diogral winds, less
significant indices are found (and even less tlmrtfe TCWV data sets). For geopotential heightstrsignificant indices
are found in the upper troposphere, while for thexidional winds no clear altitude dependence ieolexl. Also for the
surface temperature and surface pressure rathenlombers (less than for the TCWV data sets) ofifsoggmt indices are
found. From these results we conclude that theayldCWV data sets are well suited for teleconnectudies. Here it
should again be noted that the satellite TCWV dataxclusively determined from measuremensts, aedTiCWV is
dominated by the layers close to the surface. Thudindings indicate that also indices which aseially detected in the
middle and upper troposphere can be significardgbgcted in data sets which are dominated by therdwwposphere.

Our new method for the determination of the sigaifice level also allows a direct comparison ofstnengths at which the
different indices are detected in the differentdsgts. In Table 3 also the maximum p99 valuekeofielta RMS normalised
by the corresponding significance threshold valaes shown. The highest normalised p99 values awadfdor the
geopotential heights (except the 50hPa level) &aedsurface pressure. This finding is consistenh whie fact that these
guantities are used in most teleconnection studies many indices are even defined using these itjeantThe lowest
normalised p99 values are found for zonal windswhich also the smallest numbers of significamtiées are obtained.

Intermediate values are found for the water vapda dets.

6.1 Comparison of the spatial patterns of the meased and simulated TCWV

For most of the teleconnection indices, very simslpatial patterns are found in the TCWV data sbtained from satellite
or ECMWEF data (see Fig. A9). This confirms both thgh quality of the satellite measurements and ehsdnulations.
However, for some indices, also substantial difiees are found (see Fig. 9). The most obviousreifiees are found over
northern Africa. In principle, they could be caudgderrors of both the satellite or model data.sdtswever, since very
good agreement over northern Africa is found forstmof the indices, we can very probably excludetesystic
measurement biases in the satellite data setdfeagxts from the high surface albedo over the Sghathus we conclude
that the observed differences probably indicatéciefcies in the model simulations, possibly redate the sparseness of
observational data over northern Africa used inriiedel. It is interesting to note that the differes are found for both
oceanic and atmospheric indices which have rattitarent frequencies. These comparison results triigip to improve

the model performance over norther Africa (and kesaer degree also over other regions).

7 Orthogonalisation of indices
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It was shown in Fig. 3 that many indices are sthprgrrelated. Thus the numbers of ,significantiges’ obtained in the
previous chapters are not useful to represent tleber of independent significant indices. To ac¢den correlations
between the different indices, we thus applied rimogonalisation approach. For the orthogonalisatitased on the Gram—
Schmidt process), all ,significant’ original indE@nd significant temporal derivatives (see Fighté&) were considered (in
total 57 indices). The order of indices used initaetive orthogonalisation process was from higtie lowest p99 values.
The result of the orthogonalisation approach isstaad modified teleconnection indices, which shazeso correlation
amongst each other (for the considered time peribalys this new set of orthogonalised indices camsed to determine
the number of independent significant teleconnecpatterns in the global water vapor data sets.aMgied our new
method to the new set of orthogonalised indicasgbwhich of the modified indices have p99 valaksve the significance
threshold. As expected, this number (20, see F)y.wlas found to be much smaller than for the ogbimdices (40)
confirming that many teleconnection indices areegihighly correlated and related to the same phena. We also found
that the difference between the highest p99 vdlretiie ONI index) and subsequent p99 values istniaiger than for the
original indices. This finding indicates that themporal pattern of the ENSO phenomenon is containednany
teleconnection indices (see also Fig. 3). The dek# maps for the significant orthogonalised indi¢egether with the

delta RMS maps for corresponding original indicas) presented in Fig. A12.

8 Global distributions

The delta RMS maps derived for the individual irdicchow characteristic patterns which indicate lictv regions of the

globe the selected index is important or not. Ideorto assess the global distribution of the génienportance of

teleconnections, we added the delta RMS maps sigiificant indices. The corresponding maps ofdegved cumulative

delta RMS distributions are presented in Fig. Ildiferent selections of teleconnection indiced aICWV data sets. In the
upper panel the patterns of all significant telewariion indices found for the TCWV data set frortelige observations are
added. In the middle panel the same is shown fersifjnificant orthogonalised indices. The compariagain clearly

indicates that many indices are highly correlatethe ENSO index. Thus, if only the orthogonaligedices are considered,
the ENSO pattern, especially in the tropical Pacifiecomes relatively weaker compared to the cuiwalalelta RMS

values in other regions. The cumulative delta RM&p for the orthogonalised indices represents tlegadivcontribution of

teleconnections to the variability of the globalVWW& distribution. Our results indicate that thesatcibutions are strong in
the Tropics as well as in high latitudes. This p®ito potential drivers of these teleconnectiong, gopical convection or
synoptic-scale wave breaking in jet exit regionse(ge.g. Feldstein and Franzke, 2017). In the |qe@el the cumulative
delta RMS map for all significant orthogonalisediges for the ERA TCWYV data set is shown. The dstigpatial patterns
are very similar to those for the satellite dath Beshould, however, be noted that also for ragion high latitudes, which
are not covered by the satellite observations hahes are found.

Fig. 12 shows the latitudinal (top) and longitudi¢@ottom) distribution of the p99 values for alysificant original indices

(red) and all significant orthogonalised indiceki€) detected in the TCWV data from satellite olsaaBons. As expected,
the highest values (related to ENSO) are found thesequatorial east Pacific, but most indices hheestrongest effects in
mid and high latitudes. Interestingly, in the latie range between —30° and +30° only for one saamif orthogonalised
index (besides ENSO) the maximum delta RMS is foumbther interesting finding is that several iretichave their p99
values close to the date line (between 167° and*-IEitude). Four of these indices are also latatesimilar latitudes
(between 38° and 71°N). In that region, also presistudies found enhanced activity (e.g. Hsu and 1992; Hoskins and
Ambrizzi, 1993; Trenberth et al., 1998). One pdssileason for the enhanced activity in this areghtnbe the effect of jet

exit regions, which are driven to a large extenth®yEarth’s topography (Feldstein and Franzke7201
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9 Conclusions

We investigated if and how strong the temporalguatt of a large set of teleconnection indices candbntified in the
spatio-temporal variability of a global data settloé total column water vapor (TCWV) from 1995 —-130derived from
satellite observations. To our knowledge, it isfihg time that a global TCWV data set was usedunoh a detailed way in
teleconnection studies (note that part of this datavas already used by van Malderen et al., 2& it is important to
note that the TCWV data set is purely based onrghtienal data. Another important achievement o study is the
development of a new empirical method to decidethdrea teleconnection index is significantly degelcin the global data
set. The method is based on temporally reversetdehection indices, which ensures that all releviame scales are
considered. The new method can be applied in aetsal way to different data sets. In this study applied the new
method to the TCWV sets derived from satellite aded data as well to several further quantitiesictiare often used in
teleconnection studies. Based on the obtainedtsesu could derive the following main conclusioatated to the science
guestions mentioned in the introduction:

a) We developed a new empirical approach to determihether a teleconnection index is significadiéyected in a global
data set. This approach avoids problems of existiggrithms for the determination of significanbecause no assumptions
on the significance level or the measurement uatgigs have to be made. We applied the new methadglobal data set
of the TCWV derived from satellite observations &oahd that 40 teleconnection indices could beifigantly detected.

b) We applied the same method also to TCWV fromBR& interim data set. Here we used two versionhefmodel data
sets, one including all data, the other only ckdar data. The results for both versions agree iregg very well with those
for the satellite data set. This confirms both qality of the satellite and model data sets.dbahdicates that the satellite
observations can be seen as representative fatagllmean values. For some teleconnections, howels, systematic
differences, mainly over northern Africa, were at¢a. Since these differences are not found for rttzgority of the
teleconnection indices, we conclude that they arg probably not related to systematic errors ef dhtellite data set, but
rather indicate shortcomings of the model overetregions.

c) We also applied our method to a variety of ottiata sets, which are usually used in teleconneciodies (surface
temperature, surface pressure, geopotential heggitaneridional winds at different altitudes). Foost of these data sets
less teleconnection indices were significantly dieteé than for the TCWV data sets, while for zonahds, more
teleconnection indices (up to >50) were signifibadetected. These results indicate that our gldiG2lVV data set is well
suited for teleconnection studies. In our viewsths an important aspect, because our data setclasevely based on
measurements. The strongest teleconnection sigreats detected for the data sets of tropospherip@eatial heights and
surface pressure. This finding is consistent tofélee that most teleconnection studies are basdtiese quantities. Another
interesting finding is that in none of the globatal sets, non-teleconnection indices (like the rsokxiability, the
stratospheric AOD or the hurricane frequency) vegaificantly detected.

d) We investigated the spatial distribution of teéeconnection patterns. In particular we calcdagéobal maps for the
cumulative effect of all teleconnection patternsr that purpose we first orthogonalised the teleeation indices to avoid
the effect of correlation between the indices. Carag to the original set of indices, much lesshefdrthogonalised indices
(20 compared to 42) were significantly detectedhi@ TCWV data set. Our global map of the cumulagfects of all
significantly detected orthogonalsed teleconnestisinowed the strongest teleconnection signalseirgtbbal TCWV data
set over the Tropics and in polar regions. Thesgiappatterns point to importance of differentvilrg mechanisms in

different regions.
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560 Tables

Table 1: Meteorological data sets used in this styd

Quantity Source Altitude
Water vapor VCD Satellite observations Total colum
Water vapor VCD ECMWEF reanalysis (all sky condigpn Total colum
Water vapor VCD ECMWEF reanalysis (clear sky Total colum
conditions)
Surface temperatu ECMWEF reanalysis (all sky conditior Surfact
Surface pressu ECMWEF reanalysis (all sky conditior | Surface pressure extrapolatec
sea level
Geopotential heigh ECMWEF reanalysis (all sky conditior | 50hPa, 200hPa, 500hPa, 850h
950hPa
Zonal winds ECMWEF reanalysis (all sky conditionsp0hPa, 200hPa, 500hPa, 850hRa,
950hPa
Meridional winds ECMWEF reanalysis (all sky condit®) | 50hPa, 200hPa, 500hPa, 850hRa,
950hPa
*the zonal winds at 50hPa are not further analybedause they are — by definition - dominated ley@BO teleconnection
signal.
565
570

Table 2: Teleconnection indices and other time sex$ used in this study. More details about these ifas as well as
their sources are given in Fig. A6 in the appendix.

Indices similar to | Other oceanic Atmospheric MJO indices | Other Others indices
ENSO (7) indices (16) polar indices (8) | (15) atmospheric )
indices (8)
BEST HAW SCA MJ1 PNA Solar indices:
N34 PDO AAO MJ2 o] RI
TPI PMM EAWR MJN NOI MGl
ONI N1 NAO VPM1 EA SWO
ENSO TNI EPNP VPM2 QBO S107
N4 NTA AO VPMN Q30 AP
IND TNA PE RMM1 Q50
WHWP WP RMM2 Q70 HUR
IPO RMMN (hurricane
CAR OOMI1 frequency)
AMO OOMI2
DMI OOMIN SAOD
AMM FMO1 (stratospheric
STA FMO2 AOD)
TSA FMON
EA_ersst
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580
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590 Table 3: Numbers of significant indices and most ghificant indices for all data sets (the number ofndices with p99
values below threshold but shift ratios <0.8 are idicated in brackets). The complete list of signifiant indices for the
different data sets is provided in Table Al in theappendix.

Data set Number of |Most significant | Maximum relative
significant index significance p99
indices delta RMS value

TCWYV sat 42 (2) ONI 9.9
TCWV ERA 44 (1) ONI 12.6
TCWYV ERA clear 42 (3) ONI 11.6
Tsurf (surface temperature) 37 (1) ONI 6.6
Spred (surface pressure) 35(1) AAO 19.1
Geopot 50 hPa 17 (5) AAO 8.7
Geopot 200 hPa 40 (0) AAO 23.3
Geopot 500 hPa 32 (1) AAO 21.4
Geopot 850 hPa 33 (1) AAO 20.2
Geopot 950 hPa 30 (1) AAO 19.0
Zonal winds 200 hPa 51 (0) BEST 15.0
Zonal winds 500 hPa 49 (0) BEST 7.2
Zonal winds 850 hPa 46 (1) BEST 11.0
Zonal winds 950 hPa 42 (4) AO 11.8
Meridional winds 50 hPa 24 (3) AAO 2.9
Meridional winds 200 hPa 32 (1) AAO 5.4
Meridional winds 500 hPa 34 (0) AAO 4.5
Meridional winds 850 hPa 33 (0) SCA 6.1
Meridional winds 950 hPa 32 (0) SCA 6.0
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Fig. 1: A) TCWV measured from satellite as a functin of time and latitude (zonally averaged values)roa 1° x 1°

latitude/longitude grid with monthly resolution. B) (absolute anomalies) after the mean seasonal cy@ad a linear

trend was subtracted. C) relative anomalies (absota anomalies divided by the corresponding monthly ®an
640 TCWV).
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655 Fig. 2: Global mean distribution of the TCWV from satellite observations (A) and ERA data: B) all data C) only
clear sky observations during day.
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Fig. 3: Correlation coefficients between the diffeent teleconnection indices (after seasonal cycle sveemoved). Note

that only one set of MJO indices is included hereotminimise the total number of indices.
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Fig. 4: Global maps with the ENSO fit results for he three TCWV data sets. A) Fit coefficients; B) RN of the
differences between original data sets and fit furions; C) delta RMS values which describe the relate difference of
the RMS if the ENSO index is included or excludedni the fit function (for details see text).
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Fig. 5: Global maps with the fit results (right) ard delta RMS (left) for selected teleconnection indes with activity
centers in northern high latitudes (A), Subtropics(B) and southern high latitudes (C). Results for te TCWV data set
from satellite observations.
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755 reversed teleconnection index (AMM, right). The whie areas represent fit results, that are classifiechs non-
significant by the fit routine (for a 5% significance level).
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765 Fig. 7: Blue markers: 99th percentiles (p99) of thelelta RMS of the original indices for the three TGNV data sets.
Red markers: similar results for the temporally rewversed indices. Black lines: significance thresholdlhe indices are

sorted from highest to lowest p99 values for the ainal indices. Note that different y axes are useébr the satellite
and model data.
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Results for orthogonalised time series
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A) Significant original indices satellite

Fig. 11: Cumulative delta RMS for different selectbns of indices and data sets (note the different loar scales).
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Appendix 1

Normalisation of the delta RMS values

In many teleconnection studies (e.g. Horel, 1981 rafierences therein), the strength of a telecdioretndex is quantified
by calculating the ratio of the difference of thBI® (with and without an index included) and theat®MS. In this study
we applied a different procedure, because the RS depends on many factors, in particular alséhenuncertainties of
the considered data set. Since we want to compareldlta RMS values derived for different data ¢etgarticular the
TCWV data sets derived from satellite observatiand model results, but also other datasets) inamtgative way, we
decided to divide the RMS (with and without an indlecluded) by the zonal mean of the considered dat. Thus the delta
RMS shows the relative impact of the respectivexadVhile the RMS of the different TCWV data sets eather different
(see Fig. 4, middle panel), the zonal means arg siemilar (Fig. 2). The zonal mean was chosen émdtof the long term
average of each considered 1° x 1° pixel), becérssome data sets used in this study (especiadiywind data sets) large
variations and even zero-crossings exist, whichldvtead to meaningless delta-RMS values. We contpte delta RMS
values calculated by our new definition with tha$ehe more traditional definition for the TCWV dasets (Fig. Al). The
obtained global patterns of both delta RMS defimisi are almost identical.

Satellite observations ECMWEF all ECMWE clear

L_,J’- = TR

= -
e A

normalised by zonal mean

Q000 Qeds Q0L 0aF D0 Does Q030 Q0FE Q0aD
Fig. Al: Comparison of delta RMS values for the ENS index calculated in two different ways. A) The dierence of
the RMS with and without the ENSO index included inthe fit is divided by the respective RMS of each°k1° pixel;
B) The difference of the RMS with and without the BNSO index included in the fit is divided by the zoal mean of the
TCWV at the same latitude. Note the different colouscales.
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Appendix 2
Effect of the temporal correlation of the reversedndices with the original indices

For several temporally reversed indices, the 9%tctentiles in Fig. 7 are substantially higher tfian others. Since all
reversed indices represent non-geophysical vanisitisuch enhanced 99th percentiles are not expetie this finding
was further investigated. It turned out that théarced values are caused by accidental correlatibiBese reversed
indices with original indices (see Fig. A2), for ieh high 99th percentile values are found. Thisoeéng is confirmed by
the results shown in Fig. A3. There, high p99 valigr reversed indices are always found if theycareelated with original
indices with high p99 values. To avoid the effasftsuch accidental enhanced p99 values, only tersed indices with no
obvious correlations with original indices with hig99 values were kept for further processing frexks in Fig. A3). Here
it should be noted that two somehow arbitrary ch®iwere made:

a) the selection of the selected reversed indiggst{oxes in Fig. A3) was made by visual inspection

b) the effect of the correlation of the reversedidas with the original indices was only investeghtfor the 8 original
indices with the highest p99 values.

Fortunately, both choices had only a minor inflleeoa the derived threshold value. With respechéofirst point, it should
be noted that while the selection was made ratbeservatively, still many reversed indices weretlagdper the filtering
process. It was also found that most of the skipeeersed indices were removed because of enhameelations with
several original indices. With respect to the selcpaint it should be noted that it makes sensetwsider only the original
indices with the highest p99 values, because thelations of the reversed indices with the origindices are in general
rather low (see Fig. A2). The p99 values of theecteld 8 original indices with the highest p99 valage in general
substantially higher than the p99 values of theaiaeing indices. In sensitivity studies we foundttteking account more
than 8 original indices had a negligible effecttioa derived threshold values.

The red markers in Fig. A4 represent the p99 vafoeshe indices which were kept after applying geection criteria
explained above. In the final step, from these p@fues the average and standard deviation are latddu The p99
threshold for the significance of a indices is tleaftulated as the sum of the average plus thmeestthe standard deviation
(for the TCWV data set from satellite observatitims threshold is: 0.00200 + 3*0.00036 = 0.00309)isprocedure was
chosen, because the threshold values calculatéliisrway are very close to the maximum p99 valuethe remaining
indices (red dots in Fig. A4) but are hardly aféetby possible remaining outliers. The derivedshotd value is indicated
by the dashed black line in Fig. 7.
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945 which show high correlation to the original indices
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960
Appendix A3

Effect of a time shift of the teleconnection indice
In addition to the p99 values themselves, alsceffect of time shiftdt = + 1 month of the indices on the p99 values was
considered to decide whether an index was sigmifigadentified in a global data set, because ifaliges with a geophysical
965 relationship to a considered data set, the exaupdeal synchronisation should be important (buthhigepend on region).
In contrast, for indices without a geophysical tielaship to the considered data set, the p99 valhesld not depend on the
exact temporal synchronisation. Here it should &itedh that for some teleconnections, also time faigft exist between the
corresponding indices and the atmospheric variafilass the lack of an exact synchronization showdt be seen as a
strong indication that the corresponding telecotioeavas not significantly detected in a globaladagt. But conversely, if
970 a clear synchronisation for a teleconnection isithuhis can be interpreted as a a strong indicdtiosignificant detection.
In Fig. A5 the p99 values for the original and &hif (by+ 1 month) indices are shown for the TCWV data smnhfsatellite
observations. For most data sets (especially fosethwith high p99 values) indeed smaller p99 vahresfound for the
shifted indices. Here it is interesting to notettinegeneral a stronger effect is found for atmeasjhindices than for oceanic
indices, which can be understood by the higherueegies of the atmospheric indices. For severahricendices, even
975 higher values are found for the shifted indicesdating a time shift (mostly a time lag) betweer ThCWV and these
indices. For one index (AMM) higher p99 values aven found for shifts in both directions indicatiag ambiguity in the
synchronisation between the TCWV and the AMM index.
Another interesting finding is that for some atntosyic indices with p99 values below the significaniereshold (PE, MJ2,
OOMI2, FMOL1) still rather small ratios of the skift and original indices are found indicating these indices are also
980 probably significantly detected in the TCWV data éus in the following we consider also indiceismp99 values below
the significance threshold but with p99 ratios be@8 for both shifts as significantly detectedréié should be noted that
the choice of the threshold value of 0.8 is somehdvitrary. It was chosen because a deviation &6 2@m unity is larger

than the ‘noise level’ of the ratio. The exact deodf the threshold has only a small effect onaibimined results.
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Appendix 4

Additional Figures and tables
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C) Atmospheric
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Magnetic AP index AP solar
(NOAA,
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Fig. A6: List of original indices used in this stug. Besides the short names also the data sourcesdaheir temporal
1015 variation from 1995 to 2016 are shown.

*All MJO indices are convoluted with a Gaussianri@rof 30 days FWHM; **Original index according Wheeler and
Hendon, 2004;

**Khaykin et al., 2017
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Fig. A7: lllustration of the preparations for the indices before they are used in the fit to the globaata sets: First, the
1035 mean seasonal cycles and linear trends are subtract. Then the differences are normalised by their anhdard
deviations.
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Fig. A8: Delta RMS (left) and r2 values (right) for the fit of the ENSO index to the TCWV derived from satellite
observations.
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Fig. A9: Fit coefficients for all indices used in his study. Shown are the results for the TCWYV dataet from satellite
observations (left) and model results (for all skyconditions) (right).
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Fig. A10: 99th percentiles of the delta RMS valueg99) found for the different indices in different global data sets.
Blue markers: p99 for the original indices; red makers: p99 for the temporally reversed indices; blak lines:
1100 significance thresholds. The indices are sorted fro highest to lowest p99 values for the original inides.
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1140
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indices indices
1 ONI 11 PNA PNA ortho
2 SCA SCA ortho 12 EA EA ortho
3 HAW HAW ortho 13 PMM PMM ortho
4  AAO AAO ortho 14 N34 N34 ortho
5 N4 N4 ortho 15 NOI NOI ortho
6 NAO NAO ortho 16 TSA TSA ortho
7 EAWR EAWR ortho 17 IND IND ortho
8 WP WP ortho 18 ONI derivative ONI derivative ortho
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Fig. A12: Delta RMS maps for the significant brthognaliéed indices together with the delta RMS rhapsof the
original indices. The numbers at the left sides indate the order (descending) of the p99 values (sakso Fig. 10).
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1145 Table Al Significant indices for all data sets (inites with p99 values below threshold but shift ratis <0.8 are
indicated in brackets).

Data set Number of | Significant indices
significant (from highest to lowest p99 values)
indices
TCWYV sat 42 (2) ONI, N34, TPI, ENSO, BEST, N4, N1, SOI, IND, HAW, PDO, PMM, AAO,

SCA, WHWP, NOI, NAO, TNI, WP, EAWR, DMI, EPNP, CAR, PNA, VPML,
AO, VPM2, TSA, STA, TNA, EA, EA_ersst, AMO, RMM2, NTA, AMM,
RMM1, IPO, Q50, Q70 (PE, MJ2)

TCWV ERA 44 (1) ONI, N34, ENSO, TPI, BEST, N1, N4, SOI, IND, AAO, WHWP, NOI, PDO,
SCA, NAO, HAW, PMM, EPNP, TNI, DMI, VPM1, AO, WP, EAWR, CAR,
TNA, NTA, PNA, RMM1, VPM2, AMO, IPO, STA, RMM2, TSA, EA, AMM,
EA_ersst, MJ2, Q70, FMO2, OOMI2, VPMN, Q50 (PE)

TCWV ERA clear | 42 (3) ONI, N34, ENSO, TPI, N1, BEST, N4, SOI, IND, AAO, WHWP, PDO, NOI,
SCA, HAW, NAO, TNI, DMI, PMM, EPNP, WP, VPM1, EAWR, CAR, AO,
PNA, TNA, VPM2, NTA, IPO, AMO, TSA, EA_ersst, STA, RMM2, RMM1,
AMM, EA (PE, FMO2, OOMI2)

Tsurf 37 (1) ONI, AAO, N34, AO, TPI, N1, ENSO, SCA, BEST, N4, PDO, NAO, EPNP,
HAW, SOI, WHWP, PMM, TNA, IPO, NTA, IND, PE, WP, NOI, AMM, TSA,
EA, STA, EAWR, AMO, TNI, PNA, EA_ersst, DMI, Q70, CAR (RMM?2)
Spred 35 (1) AAO, AO, NAO, SCA, PE, NOI, PNA, WP, SOI, BEST, EPNP, N34, ONI,
EA, TPI, ENSO, N4, PDO, HAW, Q70, EAWR, TNA, PMM, NTA, N1, Q50,
AMM, TNI, IND, WHWP, VPM2, RMM2, DMI, VPM1 (RMM1)

Geopot 50 hPa |17 (5) AAO, AO, NAO, Q50, TNI, PE, N4, N34, TPI, ONI, EPNP (VPM2, PNA, EA,
RMM2, RMMN)
Geopot 200 hPa |40 (0) AAO, AO, NAO, N34, ENSO, N4, TPI, ONI, BEST, SCA, WP, IND, SOl,

EPNP, PNA, PE, EA, NOI, WHWP, PDO, EAWR, N1, CAR, VPM1, NTA,
Q70, TNA, TNI, HAW, AMO, RMM1, RMM2, PMM, VPM2, EA_ersst, MJ2,
FMO2, OOMI2, TSA

Geopot 500 hPa |32 (1) AAO, NAO, AO, SCA, WP, PNA, PE, EPNP, BEST, EA, EAWR, NOI,
ENSO, TPI, N4, SOI, N34, ONI, PDO, HAW, IND, Q70, TNA, PMM, NTA,
WHWP, TNI, AMO, N1, Q50 (RMM2)

Geopot 850 hPa |33 (1) AAO, AO, NAO, PE, SCA, PNA, WP, NOI, BEST, SOI, EPNP, EA, TPI, N4,
N34, ENSO, ONI, PDO, EAWR, HAW, Q70, TNA, NTA, PMM, Q50, N1,
TNI, IND, WHWP, DMI, VPM2 (RMM1)

Geopot 950 hPa |30 (1) AAO, AO, NAO, PE, SCA, NOI, PNA, WP, SOI, BEST, EA, ENSO, N34,
ONI, TPI, N4, PDO, EPNP, EAWR, HAW, Q70, TNA, NTA, N1, PMM, TNI,
IND, Q50 (RMM2)

Zonal winds 200 |51 (0) BEST, N34, TPI, SOI, ONI, ENSO, N4, IND, PDO, NOI, N1, VPM2,
hPa WHWP, RMM2, HAW, AO, NAO, PE, VPM1, AAO, WP, CAR, SCA,
EA_ersst, OOMI1, PMM, EPNP, TNI, RMM1, EA, IPO, PNA, NTA, TNA,
STA, MJ2, MJ1, TSA, DMI, OOMI2, FMON, AMO, FMO2, AMM, VPMN,
RMMN, MJIN, FMO1, OOMIN, Q50

Zonal winds 500 |49 (0) BEST, SOI, ENSO, N34, ONI, NOI, TPI, N4, AO, NAO, PE, WP, EA, PNA,
hPa VPM2, RMM2, AAO, SCA, IND, PDO, N1, EPNP, TNA, OOMI1, MJ1,
HAW, WHWP, NTA, VPM1, FMO1, EAWR, PMM, TNI, RMM1, MJ2, DMI,
EA_ersst, OOMI2, IPO, FMO2, FMON, VPMN, MJN, STA, TSA, Q50,
RMMN, CAR, OOMIN

Zonal winds 850 |46 (1) BEST, AO, ONI, N34, ENSO, SOI, NAO, TPI, N4, PE, WP, NOI, PDO,
hPa AAO, N1, PNA, SCA, HAW, IND, EPNP, EA, WHWP, VPM2, VPM1,
RMM2, TNI, PMM, EAWR, IPO, TNA, EA_ersst, RMM1, NTA, DMI, MJ1,
OOMI1, AMO, FMO1, CAR, STA, Q70, TSA, MJ2, AMM, OOMI2 (FMO2)
Zonal winds 950 |42 (4) AO, NAO, ONI, BEST, N34, PE, TPI, ENSO, SOI, N4, WP, AAO, PNA,
hPa SCA, NOI, PDO, N1, HAW, EA, EPNP, IND, WHWP, EAWR, TNI, PMM,
TNA, VPM1, NTA, IPO, VPM2, AMO, EA_ersst, RMM2, DMI, RMM1, Q70,
CAR, AMM (OOMI2, MJ1, MJ2, OOMI1)

Meridional winds | 24 (3) AAO, EAWR, EPNP, SCA, EA, PNA, Q50, N34, ONI, BEST, TPI, SOI, IND,
50 hPa ENSO, NOI, N4, Q70, QBO, WP, AO (VPM2, RMM2, PE)

Meridional winds |32 (1) AAO, N4, BEST, SOI, N34, TPI, ONI, EAWR, ENSO, EPNP, SCA, NAO,
200 hPa NOI, WP, IND, PDO, EA, PNA, RMM2, AO, VPM2, N1, HAW, PMM,
WHWP, CAR, TNI, TNA, NTA, Q70 (FMO1)

Meridional winds | 34 (0) AAO, EAWR, SCA, NOI, EPNP, NAO, N4, SOI, BEST, N34, TPI, ONI,
500 hPa ENSO, WP, EA, AO, PNA, TNI, PDO, PMM, VPM2, HAW, RMM2, N1, IND,

IPO, PE, TNA, RMM1, NTA, VPM1, CAR, STA
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1150

Meridional winds | 33 (0) SCA, AAO, EAWR, NAO, EA, PNA, EPNP, BEST, N34, SOI, TPI, AO, ONI,

850 hPa ENSO, N4, PE, WP, NOI, HAW, PDO, PMM, IND, VPM2, RMM2, N1, TNI,
NTA, TNA, WHWP, Q70, IPO, CAR

Meridional winds | 32 (0) SCA, EAWR, AAO, EA, N34, PNA, ONI, NAO, BEST, PE, ENSO, TPI, SOI,

950 hPa

N1, AO, N4, EPNP, WP, NOI, PMM, IND, PDO, HAW, TNI, WHWP, DMI,
VPM2, RMM2, CAR, AMM, TNA
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