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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 ifileahin this data set. To
our knowledge, such a comprehensive global TCW\A datt was rarely used for teleconnection studie® iportant
property of the TCWV data set is that it is purbBsed on observational data. We developed a newieahpnethod to
decide whether a teleconnection index is signifiyatdetected in the global data set. Based onriethod more than 40
teleconnection indices were significantly detecbedthe global TCWV data set derived from satellileservations. In
addition to the satellite data we also applied roethod to other global data sets derived from ERt&+im. One important
finding is that the spatial patterns obtained fur ERA TCWYV data are very similar to the observaloTCWV data set
indicating a high consistency between the satedlitd ERA data. Moreover, similar results are atamé for two selections
of ERA data (either all data or mainly clear skyajaThis finding indicates that the clear-sky biishe satellite data set is
negligible for the results of this study. Howeviar, some indices, also systematic differences éngiatial patterns between
the satellite and model data set were found prebaidicating possible shortcomings in the modeladdor most
‘traditional’ teleconnection data sets (surface gemature, surface pressure, geopotential heighdsnaaridional winds at
different altitudes) a smaller number of signifitégleconnection indices was found than for the TWCWata sets, while for
zonal winds at different altitudes, the number ighdicant teleconnection indices (up to >50) waghler. The strongest
teleconnection signals were found in the dataaai®pospheric geopotential heights and surfaessure. In all global data
sets, no ‘other indices’ (solar variability, strgppieric AOD or hurricane frequency) were signifitadetected. Since many
teleconnection indices are strongly correlatedaise applied our method to a set of orthogonalisdites, which represent
the dominant independent temporal teleconnectittens. The number of significantly detected ortinajised indices (20)
was found to be much smaller than for the origindices (42). Based on the orthogonalised indicesdarived the global
spatial distribution of the cumulative effect ofeigonnections. The strongest effect on the TCWHéimd in the tropics and

high latitudes.

1 Introduction

It has been known for a long time that weathermat location can be linked to weather at a far distacation (Walker and
Bliss, 1932; Bjerknes, 1966, 1969; Wallace and {@utA981; Nigam and Baxter, 2015; Feldstein arehi&ke, 2017 and
references therein). The distances between suctidos can be very large, up to opposite locatimmshe globe. The
strength of the correlation varies with locatiorhiiting 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; Bjeskri966, 1969),
but many more teleconnection are known, which acated in many regions on both hemispheres (e.lgistéén and

Frantzke, 2017 and references therein).
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The temporal variability of teleconnections is Ugudescribed by teleconnection indices (e.g. t#orof surface pressures
at selected stations) and covers a wide rangeeqgiéncies from a few days to inter-annual and -téeadal time scales
(Hurrel, 1995; Feldstein, 2000; Nigam and Baxtedl% Woolings et al., 2015; Feldstein et al., 201&%mospheric
teleconnections (like e.g. the North Atlantic Olstibn, NAO) have typically higher intrinsic frequeies than oceanic
teleconnection indices (like e.g. the Atlantic Miohal Mode, AMM).

Teleconnections can be identified in different dsgts like sea level pressure, surface air temyesagea 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 Frantzke720h recent studies, the geopotential heighhésrhost used variable
for the quantification of teleconnections. Telecections are mainly found in the troposphere with strongest amplitudes
in the upper troposphere (Feldstein, 2000). Bueisweleconnections have also connections totthgosphere (Feldstein,
2000 and references therein; Nigam and Baxter, 2@dldstein and Frantzke, 2017; Domeisen et al.l9R0
Teleconnections can be identified and defined ffedint ways: historically, teleconnection indiogere empirically and
intuitively determined based on the locations ofeneological stations (e.g. Walker and Bliss, 193@)later studies more
objective methods were developed based on cowglatiatrices, principle component analyses (PCAgo(akferred to as
empirical orthogonal function (EOF) methods) oratet! PCA (also referred to as varimax rotation).rdvidetails about
these and further methods can be found in Hore81),9Wallace and Gutzler (1981), Barnston and Leyef1987),
Thompson and Wallace (1998), Feldstein and Franf2ké7) and references therein. If these methodsapplied, the
derived teleconnections time series and spatiabiet particularly depend on the selected regiah@fylobe. Most of such
studies use pressure or geopotential heights andaafined to midlatitude and Arctic regions in therthern Hemisphere
because of the barotropic conditions in the trdpat#udes. Thus usually, these methods are nplieghfor the full globe.
Besides the fact that teleconnections are intexgsti themselves, their study is also importantdtirer applications. For
example, taking teleconnections into account cgorame weather forecasts (Feldstein and Frantzkéy 2d references
therein). They have impact on extreme events,legt waves, droughts, and floods (King et al., 20kh et al., 2018 and
references therein) and can affect storm tracks.addition to atmospheric quantities (e.g. humidipyecipitation,
stratospheric ozone), teleconnections also affasanic variables (e.g. Arctic and Antarctic sea, itee Atlantic
thermohaline circulation) and the marine and teriadsecosystems (Feldstein and Frantzke, 2017rafetences therein).
Finally it is worth noting that teleconnections a&gected to change in a changing climate (e.gg i€inal., 2016; Feldstein
and Frantzke, 2017; Yeh et al., 2018).

In this study we investigate to which extent thepgeral patterns of various teleconnections candkatified 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 visildpectral 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 a 1°
latitude/longitude grid, which were carefully medgeaking use of the long overlap time between fifferdnt satellite data
sets (for details see Beirle et al., 2018). Valatatoy independent data sets showed a smooth teinpariation with a
stability within 1% over the whole period (1995-B)1Danielczok and Schrdder, 2017). To our knowedgleconnection
studies using water vapor data sets are rarey@gMalderen et al., 2018). One particular speciadtdvantage of our study
is that we use for the first time a global dataveigith is entirely based on measurements. Hegeifhportant to note that the
TCWYV is dominated by the atmospheric layers closethte surface. Another important aspect of our ystigd the
development of a new empirical method to decidetidrea teleconnection (index) can be significaimdigntified in an
atmospheric data set or not.

Our study addresses the following main questions:
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a) Which teleconnection index (and other time sesigch as indices of solar activity) can be sigaiftly identified in the

satellite TCWV data set (or other data sets)? hteshould be noted that we do not aim to identdygal relationships or
even to predict the TCWV based on teleconnectidicas.

b) Are the same results obtained for TCWV data fiamervations and models? Here also the questiaddsessed how
representative the satellite observations (for ipatfear sky) are for all sky data sets. Anothepamant aspect is to
compare the spatial patterns obtained for the raiffe teleconnections between the satellite and mddt sets. Such
differences can give hints on possible shortcomafghe model simulations or measurements.

¢) How does the number of significant teleconnetim the global TCWYV data sets compare to siméaults obtained for

“traditional” teleconnection data sets like surfaemperature, sea level pressure or wind fieldsgeupotential heights at
different altitudes? From this comparison we canctede whether our global TCWV data set is suit@dtéleconnection

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

d) What is the spatial distribution of teleconneatpatterns found in the global TCWV distributic@®e motivation for this

question is that the different teleconnections hapecific drivers (e.g. tropical convection). Thilre obtained spatial
distributions can give hints on the underlying madbms.

The paper is organised as follows: In section 2glbbal data sets used in this study, and in se&ithe considered (mostly
teleconnection) indices are introduced. Sectionresgnts the fit function of the indices to the glodata sets and the
obtained global patterns. In section 5 a new methothe determination of the significance is imnoed, which is applied
to the different global data sets in section 6séntion 7 a reduced set of orthogonalised teleatiomeindices is extracted

and. Section 8 presents the global distributiothefcumulative effect of the teleconnections.

2 Data sets

2.1 Total water vapor column

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

a) Satellite observations from July 1995 to Octad@t5 (Beirle et al., 2018) derived from the s#telhstruments GOME
on ERS-2 (1995 to 2003), SCIAMACHY on ENVISAT (20622012) and GOME-2 on MetOp (2006 to present)ckvh
have similar overpass times (between 9:30 and 10130 The data analysis is performed in the redcspérange. Since
these satellite instruments observe scattered eftetted sun light, the observations are sensfitvéhe whole atmospheric
column including the surface-near layers which ligw@ntain the largest fraction of the total atmphbsric TCWV. The start
date of the time series was predetermined by tir¢ at the first satellite mission; the end datetaf time series was set to
October 2015, because some of the used time segiesonly available until that date. The data setvailable on a 1° x 1°
latitude/longitude grid with monthly resolution. &ldata set does not cover polar winter, since dtallise observations use
scattered and reflected sun light.

In Fig. 1 the variation of the TCWV with latitudectime is shown (the latitude bins represent dgrealeraged values).
The top panel shows the original TCWV data set,re&® both lower panels present the absolute aativeebnomalies with
the mean seasonal cycle removed. Several anomtgrmmare clearly obvious, which are mainly redatie strong ENSO
events (see e.g. Soden, 2000; Simpson et al., 20@gner et al., 2005). Especially for the relativemalies, many high
frequency variations are found. While part of theggh frequency variations represent measuremeserand atmospheric
noise, the results of this study showed that th&y @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). Hereuse two data sets:

a) All ERA data including clear and cloudy conditio
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b) Only ERA data for clear sky observations. Hereloud cover below 0.3 between 1km and 6km isrdeghas cloud free.
This criterion reflects the observational condiari the satellite data set.

Both data sets have a temporal resolution of 6n.th® comparison with the satellite TCWV resultee ERA data were
temporally interpolated to the time of the satellitverpass (10:00 LT). From the comparison of tasulis for the
measurements and model data sets, the effect adpbeific sampling of the satellite observation$i¢lv represent only
clear sky observations) can be investigated. In Eithe global mean distributions of the TCWV dagts from satellite
observations and ERA data are shown. Similar pettare found in all three data sets indicatingghed consistency
amongst them. The highest values are found oveitrtpcs, especially over the west Pacific. Lowatues are found

towards higher latitudes showing the strong depecglef the TCWV on temperature.

2.2 Other global data sets

Teleconnections patterns are usually derived froetenrological quantities like surface pressure terdperature or
geopotential heights and wind fields at differehitwades. In this study we also consider such dtiaat which we also
obtained from ERA data (see Table 1). We analyssettdata sets similarly to the TCWV data sets i{dedee described
below). In this way we will assess in how far thmepact 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 iedjowhich cover the time span of our TCWV data Aatoverview on
these teleconnection indices as well as addititned series (e.g. of the solar activity) is givenTiable 2. Although we do
not only focus on teleconnection indices in thigdgt in the following we use the term ‘index’ tosdeibe the whole set of
teleconnection indices and other time 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 sprneric phenomena.
Many of these indices (describing the same phenonjerbut also many of the other teleconnectiondesliare highly
correlated. The strength of these correlationsrésgnted in Fig. 3 as a matrix with correlationfiicents between the
different indices (after the seasonal cycles wereaved). In spite of the correlations amongst ¢hecbnnection indices, we
decided as a first step to include them all in study, because beforehand it is not clear whickxndight be best suited to
represent a teleconnection phenomenon. Using oynirieal approach, however, it becomes possible dantjfy the
significance and strength of the different indicesd thus to select the best suited index for angitedeconnection
phenomenon. Finally, we apply an orthogonalisat@rthe 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 anit thata sources is provided in Fig. A6 in the amjen

4 Analysis of global data sets

To determine the strength with which individual iteb are detected in the temporal variations ofdifferent global data
sets, the index time series are fitted to the dlobga sets as described in section 4.1 below. rBdfte fit is applied, the

mean seasonal cycle (1995 — 2015) and a linead &ex subtracted from the individual indices (see ldorel 1981). Some

4
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teleconnection indices are characterised by stseagonal cycles, whereas others are not. Finalghitained anomalies are
normalised by the corresponding standard deviatibhs ensures that the obtained fit coefficiemtsthe different indices
can be directly compared. The different steps es¢hpreparations are illustrated in Fig. A7. Forsigtency, the same steps

are also applied to the different global data befsre the fit is applied.

4.1 Fit function

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

time series of the monthly mean anomalies aredfiiethe following function:

TCWV/(t) =c+bx + f, xndex(t) 1)

Here ¢ and b describe constant and linear temdsx represents the selected normalised index of mpntielan anomalies.
The fit coefficientf; describes the sign and strength of the contributibthe chosen index to the variability of the TEW
anomaly of the chosen 1° x 1° pixel. The constdfgéed b and possible linear trend ¢ and the fitfliigent f; are
simultaneously determined by the fit. An examplahaf derived fit coefficient for the ENSO indexsisown in Fig. 4 (top).
Systematic patterns with positive and negativectiefficients are found. The fit function is sepahatapplied to the
individual indices listed in Table 2. Here it shdlde noted that the fit function could in princifde applied to several or
even all indices simultaneously. However, since yriadices are highly correlated, the interpretatidrthe results would
then not be straight forward. Thus, we chose tdude the individual indices one by one in the fih¢tion. Besides the
parameters c, b, and the fit coefficidéntalso the difference between the temporal varnatibthe 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 seledietkx, a second fit is performed with only the stamt and linear terms:
TCWV(t) =c+bot @)

The comparison of the RMS with and without incluglithe index term (eqs. 1 and 2) allows to quaritify importance of

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

RMS,inoutingex - RMSin;
de|ta RMS= S\nthoutlndex S/\nth index (3)

meanof datasef(latitude)

The RMS differences are divided by the zonal meanes (see appendix 1) of the considered quantaégabse (like for
water vapor) many of the analysed quantities deptrmhgly on latitude. The delta RMS is a measargtie magnitude of
the variance of a considered data set, which caxpkined by the chosen teleconnection pattertielfe is high similarity
of the temporal variation of an index with the temrgd variation of the considered data set, theadeMS 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 betweencitvesidered data set and
the fit function (eq. 1) might have been used stheespatial patterns of both quantities are vamnylar (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 argadhed for the TCWV from satellite observationdtjleERA data (center),
and ERA data for clear sky conditions (right). Hithcoefficients (Fig. 4 top) mean that a substmart of the measured

5
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TCWYV time series can be explained by the ENSO inpattern. High negative fit coefficients mean tlane for the
negative ENSO index. Fit coefficients of zero irmdéc no connection to ENSO. Very similar spatiatgras are found for
the three TCWV data sets indicating that the EN®&npmenon is well captured in the satellite andehddta sets. From
the similarity between the model data including sy conditions (center) or only clear sky condifo(right) it can be
concluded that the satellite observations (reptesgemainly clear sky conditions) are representafor all sky conditions
(no obvious clear sky bias).

In all three data sets, the smallest RMS (Figedprd row) are found close to the equator. Thaifteresting finding, but
can probably be explained by a) the rather high MCaid b) its rather small variability in these mgg. In mid-latitudes,
systematically higher RMS are found for the satellibservations compared to the model results. i§hpsobably related to
the rather large effects of clouds on the satetitiservations, which becomes especially importanhése regions (clouds
lead to less valid observations and larger measemeomcertainties). Another interesting findinghat in polar regions the
RMS for the satellite observations is smaller tharthe model results. This finding is probablyateld to the sparseness of
water vapor measurements in these regions asshilatthe ECMWF model. Thus the spatio-temporalakdlity of the
satellite observations is probably more realidtiant that of the model data. The RMS for the modsults for clear sky
conditions is slightly higher than for the modesults for all conditions, which is to be expecteztduse of the reduced
number of data available for the cloud-filteredadset.

The lower panel of Fig. 4 shows the delta RMS far ENSO index indicating the reduction of the RM& & ENSO index
is included in the fit. As expected, the largedtadBMS is found over the tropical Pacific, whelne ENSO phenomenon is
most pronounced. The global distribution of thetal®@MS is very similar for the three data sets. Tiheoefficients and
delta RMS for three other selected indices are shiomFig. 5 for the TCWV data set from satellitesebrations. For all
indices, specific activity centers can be foundlifferent parts of the globe. The fit coefficiefits all indices are presented
in the appendix (Fig. A9). Note that in generalyveimilar spatial patterns are found for the thf€®3VV data sets, but in
some cases also systematic differences are degfimethore details see section 6.1). As expectedgfoups of indices with
strong temporal correlation also similar spatiatgras are found. This is most obvious for indis@silar to the ENSO
index (first group of indices in Figures A6 and ASmilar spatial patterns are also found for otpairs of indices, e.g.
between the Hawaiian Index (HAW) and the Pacificc&mal Oscillation (PDO) as well as between the [$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 found in the global
maps (see Fig. A9) indicating that these indicessignificantly detected in the global water vadata sets. These spatial
patterns agree also well to the known regions witleeecorresponding teleconnections are active.rimdtion about the
significance of the fit results can be obtainedrfrihe fit function itself. However, in practice gtsignificance information
from the fit has several limitations:

a) The determination of the significance is basedseveral assumptions about the data sets, etgalttdata points of the
time series have the same uncertainties and fallowsrmal distribution. However, the errors of thdividual data points
can be very different, e.g. the effect of cloudgstmmerrors of the satellite TCWV data set can éay different for different
seasons and regions. Also, the uncertainties arentp random but contain also systematic contrdng. It is difficult (if
not impossible) to quantify the uncertainties @& thvolved time series.

b) The determination of the significance is basegescribed significance levels. The choice ohsasignificance level is

arbitrary and the obtained significance informatipends on this choice.

6
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c) In several tests we fitted artificial time serito the TCWV data set. These tests showed that &resuch non-

geophysical time series ‘significant’ fit resulsncbe obtained (see the examples in Fig. 6). Otethside of this figure, fit

results for a time series containing only whitesegiand on the right side fit results for a temfhpraversed teleconnection
index are shown (the temporally reversed indexbitsioed from the original index by mirroring thend axis). The blue and
red areas show fit coefficients for both time sgrighich are classified as significant by the fit.

Based on these findings, we conclude the use dfigméficance of the detection of an index derifedn the fit itself is not

straight-forward.

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

-the threshold values are determined empiricalhusTno assumptions on the properties of the timesser the significance
levels have to be made.

- the method provides a clear procedure and iriqodat a metric which can be applied in a consisteay to different data

sets and thus allows a quantitative comparisongsegon 6).

5.1 Use of reversed indices

The basic idea of our new approach is to use nopigssical indices for the estimation of the sigrafice level. Non-
geophysical indices are indices without any temipooearelation with the temporal variations of tm¥éstigated geophysical
data sets. For that purpose we chose all temporallgrsed indices (see Table 2 and Fig. A6), bec#usy cover all
relevant frequencies of the true teleconnectiongrhctice, the time axis is flipped, that meares fitst entry (July 1995)
will be assigned to the last month (October 2048 so on. In a first step, we calculate the 9@ticgntile of the delta RMS
values of the reversed indices for all 1° x 1° {sixaf the global map. We chose thé"qgercentile because it is close to the
maximum, but still not affected by individual oetls. The red data points in Fig. 7 presents thie gétcentiles (p99) for all
reversed indices for the three TCWV data sets. Rl@mmean value and standard deviation of the teefad all temporally
reversed indices, we calculate a threshold vallaxkbdotted line in Fig. 7) for each data set (etails see appendix A2).
The obtained threshold value for the TCWV datafreeh satellite observations is 0.0031. We also iggpthe same method
to a set of artificial random time series and ai®dia very similar threshold value of 0.0033 canifig that the threshold
value obtained from the temporally reversed timéesds 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.

In Fig. 7 besides the p99 values for the temporaersed indices (red), also those for the orlgimdices are shown (blue).
For many of the original indices, the p99 values much larger than the threshold value indicativag 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 ifigaince, we also made
use of the effect of time shifts applied to theiwdlual indices. The underlying idea is that thdtal&RMS values should
decrease if the original indices are de-synchrahizet 1 month. The details of this approach are desgribappendix A3.
Using this additional criterion, a few more indic® added to the number of significantly dete¢tdelconnection indices.
For the TCWYV data set from satellite observatidhe,number of significantly detected indices insesafrom 40 to 42, for
the ERA TCWYV data set from 43 to 44, and for theAKRita set for clear sky conditions from 39 to 42.

6 Comparison of the results for the different globhdata sets

7
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A rather high number of significant indices wasnitiféed in the global TCWV data sets. To put thisding into a broader
perspective, we applied the same procedure alshter global data sets, which are usually consaléneteleconnection
studies (see Table 1). The corresponding p99 vatfiethe different indices (including also the resest indices) are
presented in Fig. A10. In general similar resuida the TCWV data sets are found. In particuiar,all data sets a large
number of teleconnection indices is significantlgtatted. However, also differences are found: imtiqudar, the
teleconnection index with the maximum p99 valudoisnd to be different for the different data sdéter the TCWV data
sets, surface temperature and pressure, as walbstsof the zonal winds, the largest p99 valuedared for indices similar
to ENSO. For the TCWV data sets and surface tertyperahis can be expected, because the ENSO plegroonis driven
by the surface temperature (over the tropical Racifccordingly, also the TCWV data sets will beosgly affected,
because the TCWV depends strongly on the temperatuhe lowest atmospheric layers. The strongiénfte of the ENSO
phenomenon (BEST index) on the zonal winds at nesgtls can probably be explained by the fact tlaajd scale
phenomena like ENSO can have a strong influenc@muasi-persistent zonal flow patterns in theig® and sub-tropics.
For the geopotential heights and meridional wirtlds,largest p99 values are found for the polar aptheric indices (mostly
AAO, but also SCA). For the geopotential heighis thight be expected because the polar atmospineiimes are defined
based on anomalies of the geopotential heights. 88ty for the zonal winds, the largest p99 valuesfeund for the polar
atmospheric indices is, however, is not clear to us

A summary of the number of significant indices dinel teleconnection index with the highest p99 vegiin Table 3. Most
significant indices are found for the zonal windishwthe highest number in the upper troposphere.tif@se data sets the
number of significant indices is larger than foe thCWV data sets. For geopotential heights anddimeral winds, less
significant indices are found (and even less tlurttie TCWV data sets). For geopotential heightstrs@nificant indices
are found in the upper troposphere, while for thexidional winds no clear altitude dependence ieoled. Also for the
surface temperature and surface pressure rathendowbers (less than for the TCWV data sets) ofifsigimt indices are
found. From these results we conclude that theayldlicWV data sets are well suited for teleconnecstudies. Here it
should again be noted that the satellite TCWV dataxclusively determined from measuremensts, aedTICWV is
dominated by the layers close to the surface. Thugfindings indicate that also indices which aseally detected in the
middle and upper troposphere can be significargtected in data sets which are dominated by therléenoposphere.

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

Intermediate values are found for the water vajada dets.

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

For most of the teleconnection indices, very sinsjgatial patterns are found in the TCWYV data ebtained from satellite
or ECMWF data (see Fig. A9). This confirms both thigh quality of the satellite measurements and ehsé@nulations.
However, for some indices, also substantial diffeess are found (see Fig. 8). The most obviousrdifiees are found over
northern Africa. In principle, they could be caudmderrors of both the satellite or model data.sdtswvever, since very
good agreement over northern Africa is found forsmof the indices, we can very probably excludetesyatic

measurement biases (like e.g. effects from the bigface albedo over the Sahara). Thus we conchatethe observed
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differences probably indicate deficiencies in thedel simulations, possibly related to the sparseoné®bservational data
over northern Africa used in the model. It is iefing to note that the differences are found fothboceanic and
atmospheric indices which have rather differengdiencies. These comparison results might help fwrawe the model

performance over norther Africa (and to a lessgreke also over other regions).

7 Orthogonalisation of indices

It was shown in Fig. 3 that many indices are stiprgrrelated. Thus the numbers of ,significantioes$’ obtained in the
previous chapters are not useful to represent timbar of independent significant indices. To actdon correlations
between the different indices, we thus applied dimogonalisation approach. For the orthogonalisatimsed on the Gram—
Schmidt process), all ,significant’ original ind@nd significant temporal derivatives (see Fighté) were considered (in
total 57 indices). The order of indices used inithetive orthogonalisation process was from highe lowest p99 values.
The result of the orthogonalisation approach iseacd modified teleconnection indices, which shaxeso correlation
amongst each other (for the considered time peribl)s this new set of orthogonalised indices camused to determine
the number of independent significant teleconnecpatterns in the global water vapor data sets.apeied our new
method to the new set of orthogonalised indicassbwhich of the modified indices have p99 valakeve the significance
threshold. As expected, this number

(20) was found to be much smaller than for theioailgindices (40) confirming that many teleconnestindices are indeed
highly correlated and related to the same phenom#ieaalso found that the difference between thédsgp99 value (for
the ONI index) and subsequent p99 values is mudedathan for the original indices. This findingdicates that the
temporal pattern of the ENSO phenomenon is cordaimenany teleconnection indices (see also Fig. 3).

The delta RMS maps for the significant orthogorali;dices (together with the delta RMS maps faresponding original

indices) are presented in Fig. A12.

8 Global distributions

The delta RMS maps derived for the individual iedicshow characteristic patterns which indicate hiclvregions of the
globe the selected index is important or not. ldeorto assess the global distribution of the geénienportance of

teleconnections, we added the delta RMS maps afdilificant indices. The corresponding maps ofdbaved cumulative

delta RMS distributions are presented in Fig. I0different selections of teleconnection indiced aiCWV data sets. In the
upper panel the patterns of all significant telewmtion indices found for the TCWV data set frorteliée observations are
added. In the middle panel the same is shown fersignificant orthogonalised indices. The comparisgain clearly

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

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

teleconnections to the variability of the globalVW& distribution. Our results indicate that theseatcibutions 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 regiorse(g.g. Feldstein and Franzke, 2017). In the Igwaeel the cumulative
delta RMS map for all significant orthogonalisediges for the ERA TCWYV data set is shown. The detigpatial patterns
are very similar to those for the satellite data keshould, however, be noted that also for ragim high latitudes, which
are not covered by the satellite observations hajhes are found.

Fig. 11 shows the latitudinal (top) and longitudittzottom) distribution of the p99 values for alysificant original indices

(red) and all significant orthogonalised indiceki€) detected in the TCWV data from satellite obaBons. As expected,
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the highest values (related to ENSO) are found theeequatorial east Pacific, but most indices hbgestrongest effects in
mid and high latitudes. Interestingly, in the ladié range between —30° and +30° only for one stgmf orthogonalised
index (besides ENSO) the maximum delta RMS is found

9 Conclusions

We investigated if and how strong the temporalgratt of a large set of teleconnection indices candentified in the
spatio-temporal variability of a global data settlo¢ total column water vapor (TCWV) from 1995 —130derived from
satellite observations. To our knowledge, it is fing time that a global TCWV data set was usedunh a detailed way in
teleconnection studies (note that part of this daetavas already used by van Malderen et al., 204 it is important to
note that the TCWV data set is purely based onrghtenal data. Another important achievement a$ study is the
development of a new empirical method to decidetiadrea teleconnection index is significantly dedelcin the global data
set. The method is based on temporally reversestdehection indices, which ensures that all releviame scales are
considered. The new method can be applied in aetsaV way to different data sets. In this study applied the new
method to the TCWV sets derived from satellite @del data as well to several further quantitiesictvtare often used in
teleconnection studies. Based on the obtainedtsesu could derive the following main conclusigatated to the science
guestions mentioned in the introduction:

a) We developed a new empirical approach to determvhether a teleconnection index is significaddyected 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 uatgies have to be made. We applied the new methadglobal data set
of the TCWV derived from satellite observations &mahd that 40 teleconnection indices could beifigamtly detected.

b) We applied the same method also to TCWV fromBER& interim data set. Here we used two versionhefmodel data
sets, one including all data, the other only clar data. The results for both versions agree mege very well with those
for the satellite data set. This confirms both quality of the satellite and model data sets. dbahdicates that the satellite
observations can be seen as representative fataglimean values. For some teleconnections, howelsr, systematic
differences, mainly over northern Africa, were dfta. Since these differences are not found for ritagority of the
teleconnection indices, we conclude that they ary probably not related to systematic errors ef shtellite data set, but
rather indicate shortcomings of the model overdtregions.

c) We also applied our method to a variety of ottleta sets, which are usually used in teleconneciadies (surface
temperature, surface pressure, geopotential heggfitameridional winds at different altitudes). Foost of these data sets
less teleconnection indices were significantly dieté than for the TCWV data sets, while for zonahds, more
teleconnection indices (up to >50) were signifiadetected. These results indicate that our glai@VV data set is well
suited for teleconnection studies. In our viewstls an important aspect, because our data setciasevely based on
measurements. The strongest teleconnection sigmais detected for the data sets of tropospheripajeatial heights and
surface pressure. This finding is consistent toféloe that most teleconnection studies are basdtiese quantities. Another
interesting finding is that in none of the globata sets, non-teleconnection indices (like the rswkxiability, the
stratospheric AOD or the hurricane frequency) veggeificantly detected.

d) We investigated the spatial distribution of teéeconnection patterns. In particular we calcdagobal maps for the
cumulative effect of all teleconnection patternsr Ehat 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 detectedhea TCWV data set. Our global map of the cumulasi¥fects of all

significantly detected orthogonalsed teleconnestisimowed the strongest teleconnection signalseirgkbbal TCWV data
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set over the Tropics and in polar regions. Thesdialppatterns point to importance of differentvitrg mechanisms in

different regions.
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Tables

520
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 condispn Total colum
Water vapor VCD ECMWEF reanalysis (clear sky Total colum
conditions)
Surface temperature ECMWEF reanalysis (all sky ciomh) Surface
Surface pressure ECMWF reanalysis (all sky conuifio Surface pressure extrapolated to
sea level
Geopotential heights ECMWEF reanalysis (all sky ¢bmls) | 50hPa, 200hPa, 500hPa, 850hiPa,
950hPa
Zonal winds ECMWEF reanalysis (all sky conditions) Oh®Pa, 200hPa, 500hPa, 850hRa,
950hPa
Meridional winds ECMWEF reanalysis (all sky condit®) | 50hPa, 200hPa, 500hPa, 850hPa,
950hPa
*the zonal winds at 50hPa are not further analybedause they are — by definition - dominated ley@BO teleconnection
signal.
525

530 Table 2: Teleconnection indices and other time ses$ used in this study. More details about these s 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 | (7)
indices (8)
BEST HAW SCA MJ1 PNA Solar indices:
N34 PDO AAO MJ2 SOl RI
TPI PMM EAWR MJN NOI MGlI
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 OooMmI1 frequency)
AMO OOMI2
DMI OOMIN SAOD
AMM FMO1 (stratospheric
STA FMO2 AOD)
TSA FMON
EA_ersst

535

540

545
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550

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

TCWV sat 42 (2) ONI 9.9
TCWV ERA 44 (1) ONI 12.6
TCWV 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 () 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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trend was subtracted. C) relative anomalies (absole anomalies divided by the corresponding monthly ean
TCWV).

600

605

610
15



TCWYV from satellite

TCWYV from ECMWF

TCWV

clear

from ECMWF

Fig. 2: Global mean distribution of the TCWV from satellite observations (A) and ERA data: B) all data C) only
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Fig. 4: Global maps with the ENSO fit results for he three TCWV data sets. A) Fit coefficients; B) RN6 of the
differences between original data sets and fit funions; C) delta RMS values which describe the relate difference of
the RMS if the ENSO index is included or excludedhi 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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Fig. 6 Global maps of the fit results for an artifcial time series containing only white noise (leftand a temporally
reversed teleconnection index (AMM, right). The wite areas represent fit results, that are classifiecas non-
715 significant by the fit routine (for a 5% significance level).
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Fig. 7: Blue markers: 99th percentiles (p99) of thelelta RMS of the original indices for the three TGVV data sets.
725 Red markers: similar results for the temporally reversed indices. Black lines: significance thresholdhe indices are
sorted from highest to lowest p99 values for the aginal indices.
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Fig. 8: Fit coefficients for selected teleconnectmindices, for which different patterns were foundin the TCWV data
set from satellite observations (left) and model siulations (right). The red circles indicate regionswith substantial
differences between the results for both data sets.
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Results for orthogonalised time series
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Fig. 10: Cumulative delta RMS for different selectbns of indices and data sets (note the different lour scales).
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820
Appendix 1

Normalisation of the delta RMS values

825
In many teleconnection studies (e.g. Horel, 1984 r@fierences therein), the strength of a telecdioremdex is quantified
by calculating the ratio of the difference of thBI® (with and without an index included) and theatd®MS. In this study
we applied a different procedure, because the Rt depends on many factors, in particular alséhenuncertainties of
the considered data set. Since we want to comparadlta RMS values derived for different data getarticular the

830 TCWV data sets derived from satellite observatiand model results, but also other datasets) inaatdative way, we
decided to divide the RMS (with and without an ixdecluded) by the zonal mean of the considered dat. Thus the delta
RMS shows the relative impact of the respectiveindVhile 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 émgdtof the long term
average of each considered 1° x 1° pixel), becéarseome data sets used in this study (espectadiymind data sets) large

835 variations and even zero-crossings exist, whichla@vtead to meaningless delta-RMS values. We contptire delta RMS
values calculated by our new definition with thage¢he more traditional definition for the TCWV dasets (Fig. A1). The
obtained global patterns of both delta RMS definis are almost identical.

Satellite observations ECMWEF all ECMWEF clear

normalised by zonal mean

(ERE L) PLECEY AES RS W LP0RS WA LECHRS Qg
840 Fig. Al: Comparison of delta RMS values for the ENS index calculated in two different ways. A) The dference 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 NSO 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%icentiles in Fig. 7 are substantially higher tlian others. Since all
reversed indices represent non-geophysical vansitisuch enhanced 99th percentiles are not expethes this finding
was further investigated. It turned out that thdaeted values are caused by accidental correlatbrisese reversed
indices with original indices (see Fig. A2), for isk high 99th percentile values are found. Thisoeéng is confirmed by
the results shown in Fig. A3. There, high p99 vslfte reversed indices are always found if theycameelated with original
indices with high p99 values. To avoid the effegftsuch accidental enhanced p99 values, only thersed indices with no
obvious correlations with original indices with hig99 values were kept for further processing frexes in Fig. A3). Here
it should be noted that two somehow arbitrary cheiwere made:

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

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

Fortunately, both choices had only a minor inflleeon the derived threshold value. With respechéofirst point, it should
be noted that while the selection was made ratbesarvatively, still many reversed indices weretkadper the filtering
process. It was also found that most of the skipe#rsed indices were removed because of enhawreglations with
several original indices. With respect to the secpaint it should be noted that it makes sensetwider only the original
indices with the highest p99 values, because thesletions 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 theaiamg indices. In sensitivity studies we foundttteking account more
than 8 original indices had a negligible effecttiba derived threshold values.

The red markers in Fig. A4 represent the p99 vafaeshe indices which were kept after applying s@dection criteria
explained above. In the final step, from these p@Rues the average and standard deviation arelggddu The p99
threshold for the significance of a indices is tisaftulated 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 = 0.0030%jisTprocedure was
chosen, because the threshold values calculatéisnway are very close to the maximum p99 valuethe remaining
indices (red dots in Fig. A4) but are hardly aféetby possible remaining outliers. The derivedshodd value is indicated
by the dashed black line in Fig. 7.
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28



905

910

915

920

925

930

935

0.001 1 —- 3l reversed indices
—*indices after filtering

0 rr r— . ..., oo.o. ... ,,n. )., .., . .o ., oo rr . v r 1 oo~ r 1 1 rrr 1 ©r T T T T T TT
LERNNTACOME R IMNZTZTS T3 333 00Q0T TS TOOOO=TIINNNNNL SSEF<<LE S
233002839 »220 222053 JaRNSFGER0TIZ000SMS ZRON®m E>0012 5228 Io05
©°35 &7= 1283000 SPENSTRTEOTZ9090 TS SEESE SS50059%0 z=zz=z ©

o PRz =5= =z O =\Np
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Appendix A3

Effect of a time shift of the teleconnection indicg

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 signifigédentified in a global data set, because falides with a geophysical
relationship to a considered data set, the exagbdeal synchronisation should be important (buthhidepend 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 dieach that for some teleconnections, also time taight exist between the
corresponding indices and the atmospheric variafiibgs the lack of an exact synchronization shawdtl be seen as a
strong indication that the corresponding telecotineravas not significantly detected in a globaladagt. But conversely, if
a clear synchronisation for a teleconnection isifhuhis can be interpreted as a a strong indiedtiosignificant detection.
In Fig. A5 the p99 values for the original and sdf (by+ 1 month) indices are shown for the TCWV data sahfsatellite
observations. For most data sets (especially fosethwith high p99 values) indeed smaller p99 vakresfound for the
shifted indices. Here it is interesting to notettinageneral a stronger effect is found for atmasphindices than for oceanic
indices, which can be understood by the higherueegies of the atmospheric indices. For severahmicendices, even
higher values are found for the shifted indicesdating a time shift (mostly a time lag) betweee 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 atmuegic indices with p99 values below the significartiereshold (PE, MJ2,
OOMI2, FMO1) still rather small ratios of the skift and original indices are found indicating thegse indices are also
probably significantly detected in the TCWV dat& Séwus in the following we consider also indiceithw99 values below
the significance threshold but with p99 ratios be8 for both shifts as significantly detectedrélé should be noted that
the choice of the threshold value of 0.8 is somehdvitrary. It was chosen because a deviation &6 #0m unity is larger

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

Additional Figures and tables
Name Short Type Indices
(data source) name 1995 - 2015
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Western Hemisphere | WHWP | Oceanic 107 ‘ ‘ T
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Trans-Nino index
(NOAA)

TNI

Oceanic

A% o n o=

C) Atmospheric
indices
(except MJO indices)

Southern Oscillation
Index
(NOAA)

SOl

Atmospheric

Northern Oscillation
Index

(NOAA)

NOI

Atmospheric

North Atlantic Oscillation
(NOAA)

NAO

Atmospheric

Pacific/North  American
pattern
(NOAA)

PNA

Atmospheric

b H b ok N w

East Atlantic pattern
(NOAA)

EA

Atmospheric

bR o r N e s

East Atlantic/Western
Russia pattern
(NOAA)

EAWR

Atmospheric

bR b ok N

Scandinavia pattern
(NOAA)

SCA

Atmospheric

bhbor e

West Pacific pattern
(NOAA)

WP

Atmospheric

b H b ok N w

East Pacific/North
Pacific pattern
(NOAA)

EPNP

Atmospheric

bR o r N e s

Polar-Eurasian pattern
(NOAA)

PE

Atmospheric

Lb b ol N
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Arctic Oscillation
(NOAA)

AO

Atmospheric

Antarctic Oscillation
(NOAA)

Atmospheric

Quasi-Biennial
Oscillation

at 30 hPa
(NOAA)

QBO

Atmospheric

PrAfRAL

Quasi-Biennial
Oscillation

at 30 hPa

(Free University  of
Berlin)

Q30

Atmospheric

200
100

-100
-200
-300
-400

o

uasi-Biennial Oscillation
at 50 hPa
(Free University  of
Berlin)

Q50

Atmospheric

200
106

3

-10

3

-200
-300

wmmmMMMww

o

Y

uasi-Biennial Oscillation
at 70 hPa

(Free University  of
Berlin)

Q70

Atmospheric

150
100

o

1
-50

-100
-150
-200

WMW\A Mﬁ N\A ST ATNLA

VPR

D) MJO Indices*

Madden
Oscillation (OMI)
Component 1
(NOAA)

Julian

MJ1

Atmospheric

Madden
Oscillation (OOMI)
Component 1
(NOAA)

Julian

OOoMI1

Atmospheric

Madden
Oscillation (FMO)
Component 1
(NOAA)

Julian

FMO1

Atmospheric

Madden
Oscillation (VPM)
Component 1
(NOAA)

Julian

VPM1

Atmospheric

Madden
Oscillation**
Component 1
(Australian
Meteorology)

Julian

Bureau of

RMM1

Atmospheric
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Madden
Oscillation (OMI)
Component 2
(NOAA)

Julian

MJ2

Atmospheric

Madden
Oscillation (OOMI)
Component 2
(NOAA)

Julian

OOMI2

Atmospheric

Madden
Oscillation (FMO)
Component 2
(NOAA)

Julian

FMO2

Atmospheric

Madden
Oscillation (VPM)
Component 2
(NOAA)

Julian

VPM2

Atmospheric

Madden
Oscillation**
Component 2
(Australian
Meteorology)

Julian

Bureau of

RMM2

Atmospheric

Madden
Oscillation (OMI)
Sum of
compoenents
(NOAA)

Julian

both

MJN

Atmospheric

Madden
Oscillation (OOMI)
Sum of both
(NOAA)

Julian

OOMIN

Atmospheric

Madden
Oscillation (FMO)
Sum of both
(NOAA)

Julian

FMON

Atmospheric

Madden
Oscillation (VPM)
Sum of both
(NOAA)

Julian

VPMN

Atmospheric

Madden
Oscillation**
Sum of both
(Australian
Meteorology)

Julian

Bureau of

RMMN

Atmospheric

E) Other Indices

Composite MG Il index
(University of Bremen)

MGII

solar

0.175

0.17 1
0.165
0.16
0.155 7
0.15 4

0.145
199
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Magnetic AP index AP solar
(NOAA,
GeoForschungsZentrum,
Postdam)

Radio flux at 10.7 cm S107 solar
(NOAA, Penticton, B.C.,
Canada)

Sun spot number SWO solar
(NOAA, SWPC Space
Weather Operations)

Sun spot number RI solar 200 71 ‘ 1

(NOAA, S.I.D.C. s { | 1 Lo

Brussels International wf | ‘ gl

Sunspot Number) of | | |
0

Stratospheric AOD*** SAOD Atmospheric | oos— 1
(LATMOS/IPSL) - Wﬁv\m

Total number of |[HUR Atmospheric | s
hurricanes in Atlantic 2]

region J\ L A‘\ I AJ | A L NA 1k s

1097 1999 2000 2003 205 2007 2009 2011 20

Fig. A6: List of original indices used in this stug. Besides the short names also the data sourcegaheir temporal
variation from 1995 to 2016 are shown.
970 *All MJO indices are convoluted with a Gaussiannrof 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 glolbaata sets: First, the
mean seasonal cycles and linear trends are subtract. Then the differences are normalised by their ahdard
990 deviations.

delta RMS for ENSO r2 for ENS__O

0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014

995 Fig. A8: Delta RMS (left) and r2 values (right) for the fit of the ENSO index to the TCWV derived fromsatellite
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Short
name

ENSO

BEST

ONI

N34

N1

PDO

IPO

WHWP

NTA

TNA

STA

TSA

SOl

Satellite
observations

Indices similar
to ENSO

Oceanic
indices

Atmospheric
Indices

ECMWEF data

Short Satellite ECMWEF data
name observations

N4

TPI

IND

EA_ersst
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AMM
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AMO

HAW

DMI
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EPNP

38



NOI

NAO

PNA

EA

EAWR

SCA

WP

MJ1

OOMI1

FMO1

VPM1
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Fig. A9: Fit coefficients for all indices used in lis study. Shown are the results for the TCWV dataet from satellite

observations (left) and model results (for all skgonditions) (right).
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Fig. A10: 99th percentiles of the delta RMS value§99) 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:

significance thresholds. The indices are sorted fro highest to lowest p99 values for the original indes.
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Fig. A11. The 99th percentiles (p99) of the delta RS of the derivatives of all indices. The black lies represent the

significance threshold. The indices are sorted frorhighest to lowest p99 values.
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Original indices Orthogonalised Original indices Orthogonalised
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 ON!I derivative ortho
9 EPNP EPNP ortho 19 SOl SOl ortho
10 BEST BEST ortho 20 TPI TPI ortho

Fig. A12: Delta RMS maps for the significant orthognalised indices together with the delta RMS mapsof the
original indices. The numbers at the left sides indate the order (descending) of the p99 values (sekso Fig. 9).
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Table Al Significant indices for all data sets (inates 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, VPM1,
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)

TCWYV 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 (RMM2)

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, SOI,
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
hPa

51 (0)

BEST, N34, TPI, SOI, ONI, ENSO, N4, IND, PDO, NOI, N1, VPMZ2,
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, MJN, FMO1, OOMIN, Q50

Zonal winds 500
hPa

49 (0)

BEST, SOI, ENSO, N34, ONI, NOI, TPI, N4, AO, NAO, PE, WP, EA, PNA,
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
hPa

46 (1)

BEST, AO, ONI, N34, ENSO, SOI, NAO, TPI, N4, PE, WP, NOI, PDO,
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
hPa

42 (4)

AO, NAO, ONI, BEST, N34, PE, TPI, ENSO, SOI, N4, WP, AAO, PNA,
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
50 hPa

24 (3)

AAO, EAWR, EPNP, SCA, EA, PNA, Q50, N34, ONI, BEST, TPI, SOI, IND,
ENSO, NOI, N4, Q70, QBO, WP, AO (VPM2, RMM2, PE)

Meridional winds
200 hPa

32 (1)

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

Meridional winds
500 hPa

34 (0)

AAO, EAWR, SCA, NOI, EPNP, NAO, N4, SOI, BEST, N34, TPI, ONI,
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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1105

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, AAQ, EA, N34, PNA, ONI, NAO, BEST, PE, ENSO, TPI, SOlI,

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