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Abstract. We used a global long-term (1995-2015) data sdbiafl column water vapor (TCVW) derived from satell
observations to quantify to which extent the terappatterns of various teleconnections can be ifiedhtin this data set. To
our knowledge, such a comprehensive global TCW\A d&t was rarely used for teleconnection studiese i@portant
property of the TCWV data set is that it is purbsed on observational data. We developed a nevrieahpnethod to

decide whether a teleconnection index is signifigasietected in the global data seéfe compared our new method to well-

established hypothesis tests and found good agreenmith the results of our approaddased orthis-our empiricamethod

more than 40 teleconnection indices were signiflgadetected in the global TCWV data set derivednfrsatellite

observations. In addition to the satellite dataale® applied our method to other global data setveldd from ERA-Interim.

One important finding is that the spatial patteob&inedfer-for the ERA TCWV data are very similar to the obsexwai

TCWYV data set indicating a high consistency betwtrensatellite and ERA data. Moreover, similar lissare also found
for two selections of ERA data (either all datarainly clear sky data). This finding indicates ttia clear-sky bias of the
satellite data set is negligible for the resultstoé study. However, for some indices, also syste@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 smatember of significant teleconnection indices wasnithan for the TCWV
data sets, while for zonal winds at different atl#s, the number of significant teleconnection dadi(up to >50) was
higher. The strongest teleconnection signals weuad in the data sets of tropospheric geopotehgadhts and surface
pressure. In all global data sets, no ‘other irgliqgolar variability, stratospheric AOD or hurnea frequency) were
significantly detected. Since many teleconnectiwdides are strongly correlated, we also appliedmathod to a set of
orthogonalised indices, which represent the dontiriadependent temporal teleconnection patterns. mbmber of

significantly detected orthogonalised indices (2@ found to be much smaller than for the origindices (42). Based on
the orthogonalised indices we derived the globatiap distribution of the cumulative effect of tetenections. The

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

1 Introduction

It has been known for a long time that weathema location can be linked to weather at a far disizcation (Walker and
Bliss, 1932; Bjerknes, 1966, 1969; Wallace and @utA981; Nigam and Baxter, 2015; Feldstein arehtzke, 2017 and
references therein). The distances between suettidos can be very large, up to opposite locatiomshe 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 pattefine strongest
teleconnection is the EI-Nino / Southern oscillatif&@NSO) phenomenon (Walker and Bliss, 1932; Bjeskri966, 1969),
but many more teleconnection are known, which amated in many regions on both hemispheres (elgistéan and

Frantzke, 2017 and references therein).
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The temporal variability of teleconnections is Uudescribed by teleconnection indices (e.g. tit#orof surface pressures
at selected stations) and covers a wide rangeeqguéncies from a few days to inter-annual and -déeadal time scales
(Hurrel, 1995; Feldstein, 2000; Nigam and Baxte®1® Woolings et al., 2015; Feldstein et al., 201&)mospheric
teleconnectionslike-e.g. the North Atlantic Oscillation, NAO) have tgplly higher intrinsic frequencies than oceanic
teleconnection indicesike-e.g. the Atlantic Meridional Mode, AMM).

Teleconnections can be identified in different dsets like sea level pressure, surface air temperasea 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 heighhé&srhost used variable
for the quantification of teleconnections. Telecections are mainly found in the troposphere with strongest amplitudes
in the upper troposphere (Feldstein, 2000). Buess\teleconnections have also connections totthgosphere (Feldstein,
2000 and references therein; Nigam and Baxter, ;2(Addstein and Frantzke, 2017; Domeisen et all9R0
Teleconnections can be identified and defined ffedint ways: historically, teleconnection indiogsre empirically and
intuitively determined based on the locations oteneological stations (e.g. Walker and Bliss, 193®2)later studies more
objective methods were developed based on cowelatatrices, principle component analyses (PCAo(aéferred to as
empirical orthogonal function (EOF) methods) oratet PCA (also referred to as varimax rotation).rédetails about
these and further methods can be found in Hore8X)9Wallace and Gutzler (1981), Barnston and Leye£1987),
Thompson and Wallace (1998), Feldstein and Fran(2ké7) and references therein. If these methodsapplied, the
derived teleconnections time series and spatiépet particularly depend on the selected regiathefglobe. Most of such
studies use pressure or geopotential heights andamfined to midlatitude and Arctic regions in tiierthern Hemisphere
because of the barotropic conditions in the trddatéudes. Thus usually, these methods are npliegfor the full globe.
Besides the fact that teleconnections are intergsti themselves, their study is also importantdtrer applications. For
example, taking teleconnections into account cgorave weather forecasts (Feldstein and Frantzkéy 20d references
therein). They have impact on extreme events,heat waves, droughts, and floods (King et al., 20kh et al., 2018 and
references therein) and can affect storm tracksaddition to atmospheric quantities (e.g. humidipyecipitation,
stratospheric ozone), teleconnections also affesamic variables (e.g. Arctic and Antarctic sea, itee Atlantic
thermohaline circulation) and the marine and téria@secosystems (Feldstein and Frantzke, 2017refetences therein).
Finally it is worth noting that teleconnections aeected to change in a changing climate (e.gg l€imal., 2016; Feldstein
and Frantzke, 2017; Yeh et al., 2018).

In this study we investigate to which extent theperal patterns of various teleconnections cardbatified in the global
distribution of the total column water vapor (TCW\For that purpose we use a consistent long teta s (1995 — 2015)
derived from satellite observations in the visilseectral range obtained from GOME on ERS-2, SCIAMACON
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 medgaaking use of the long overlap time between ffferént satellite data
sets (for details see Beirle et al., 2018). Valatatby independent data sets showed a smooth tednpariation with a
stability within 1% over the whole period (1995-B)Danielczok and Schrdder, 2017). To our know&dgleconnection
studies using water vapor data sets are rareV@xgMalderen et al., 2018). One particular speciadtdvantage of our study
is that we use for the first time a global dataveeich is entirely based on measurements. Hegssihportant to note that the
TCWV is dominated by the atmospheric layers closethte surface. Another important aspect of our ystigl the
development of a new empirical method to decidethdrea teleconnection (index) can be significamdgntified in an
atmospheric data set or not.

Our study addresses the following main questions:

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

satellite TCWV data set (or other data sets)? hteshould be noted thatith significancewe don’t mean that an index is
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significantly detected everywhere on the globe. 8¥e rather interested in whether an index is sicanitly detected

somewhere on the globe, which is usually refercedd ‘field significance’ (see e.g. Wilks, 2006)e\&lsodo not aim to

identify causal relationships or even to prediet iCWV based on teleconnection indices.

b) Are the same results obtained for TCWV data famservations and models? Here also the questiaddeessed how
representative the satellite observations (for ipaitear sky) are for all sky data sets. Anothepamant aspect is to
compare the spatial patterns obtained for the rdiffeteleconnections between the satellite and mddi sets. Such
differences can give hints on possible shortcomafgee model simulations or measurements.

¢) How does the number of significant teleconnerim the global TCWYV data sets compare to simméaults obtained for
“traditional” teleconnection data sets like surfaemperature, sea level pressure or wind fieldsgeapotential heights at
different altitudes? From this comparison we canctwde whether our global TCWV data set is suitadtéleconnection
studies. One advantage of the use of this TCWV skités that it is exclusively derived from measoeets.

d) What is the spatial distribution of teleconnestpatterns found in the global TCWV distributiddfie motivation for this
question is that the different teleconnections hapecific drivers (e.g. tropical convection). Thile obtained spatial
distributions can give hints on the underlying negbms.

The paper is organised as follows: In section 2dglebal data sets used in this stuahe introducedand in section 3 the
considered (mostly teleconnection) indices iatesduceddescribedSection 4 presents the fit function of the indite the
global data sets and the obtained global pattémsection 5 a new method for the determinationthef significance is
introduced, which is applied to the different glblblata sets in section 6. In section 7 a reducédserthogonalised
teleconnection indices is extracted and. Sectiopr&ents the global distribution of the cumulatieect of the

teleconnections.

2 Data sets

2.1 Total water vapor column

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

a) Satellite observations from July 1995 to Octak@t5 (Beirle et al., 2018) derived from the sétlinstruments GOME
on ERS-2 (1995 to 2003), SCIAMACHY on ENVISAT (20622012) 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 redcBpérange. Since
these satellite instruments observe scatteredefletied sun light, the observations are sensftivéhe whole atmospheric
column including the surface-near layers which Uguwantain the largest fraction of the total atpbsric TCWV. The start
date of the time series was predetermined by #ré st the first satellite mission; the end dateéh# time series was set to
October 2015, because some of the used time seei@sonly 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 dtedlite observations use
scattered and reflected sun lightshould be noted that the satellite data sed irs¢his study was optimized 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.q. related éceffects of surface albedo

or terrain height. It should also be noted thatdhellite data set has some gaps over high masnfdue to the simplified

cloud filter) and north of India (because of roetimternal calibration measurements of the GOMErumsent over that

region).

In Fig. 1 the variation of the TCWV with latitudec time is shown (the latitude bins represent 4dgraateraged values).

The top panel shows the original TCWYV data set,re&® both lower panels present the absolute aativelanomalies with

the mean seasonal cycle removed. Several anom#briaare clearly obvious, which are mainly relaie strong ENSO
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events (see e.g. Soden, 2000; Simpson et al., 20@gner et al., 2005). Especially for the rela@remalies, many high
frequency variations are found. While part of thbagh frequency variations represent measuremeserand atmospheric
noise, the results of this study showed that they @epresent atmospheric teleconnections.

In addition to the satellite observations of the\W'Z we also use global time series of the TCWV dadifrom ECMWF
reanalysis (ERA Interim, Dee et al., 201The main purpose of using model data is that wetwasee if teleconnections

are found in a similar way in both satellite andd®lodata sets. In addition, the use of model dsi@ @lows to quantify a

possible clear-sky bias in the satellite observetidbecause these observations are made for n@inld-free conditions.

ThereforeHerave use two data sets:

a) All ERA data including clear and cloudy conditso

b) Only ERA data for clear sky observations. Hereloud cover below 0.3 between 1km and 6km isrosghas cloud free.
This criterion reflects the observational conditaf the satellite data set.

Both data sets have a temporal resolution of 6h.tl® comparison with the satellite TCWV resultse ERA data were
temporally interpolated to the time of the satelldverpass (10:00 LT). From the comparison of thsults for the
measurements and model data sets, the effect ofpbeific sampling of the satellite observatiansinly cloud-free

situations—{which-represent-only-clear-sky-obseépna) can be investigatedche application of the cloud-filter leads to a
reduction of the number of considered model databoiut 40%]In Fig. 2 the global mean distributions of the TC\Wigta

sets from satellite observations and ERA data laoevs. Similar patterns are found in all three dages indicating the good
consistency amongst them. The highest values arelfover the tropics, especially over the westfRadiower values are

found towards higher latitudes showing the stroegethdence of the TCWV on temperature.

2.2 Other global data sets

Teleconnections patterns are usually derived froeteprological quantities like surface pressure temdperature or
geopotential heights and wind fields at differehitwdes. In this study we also consider such gtiest which we also
obtained from ERA data (see Table 1). We analysselidata sets similarly to the TCWV data sets i[detee described
below). In this way we will assess in how far thepact of teleconnections on TCWV is comparable raglitional

teleconnection data sets.

3 Teleconnection indices

We performed an extensive search for teleconnedtidices in the scientific literature and web sitésnational weather
services. We found in total 54 teleconnection iedjovhich cover the time span of our TCWV data Aatoverview on
these teleconnection indices as well as addititimed series (e.g. of the solar activity) is givenTiable 2Here it should be
noted that for some of these indices with low festgies (e.g. MGII or IPO) no full period is coveriey our 20 year-long

satellite TCWV data set, which might be one reasbwy they are not significantly detected.

Although we do not only focus on teleconnectioniéed in this study, in the following we use themnéindex’ 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 spieric 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 correlationfioents between the

different indices (after the seasonal cycles wereaved). In spite of the correlations amongst éiecbnnection indices, we
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decided as a first step to include them all instudy, because beforehand it is not clear whick)mdight be best suited to
represent a teleconnection phenomenon. Using ouirieal approach, however, it becomes possible wantjfy the
significance and strength of the different indicasd thus to select the best suited index for angitedeconnection
phenomenon. Finally, we apply an orthogonalisatarthe most significant indices (see section 7infoimise 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 agjben
4 Analysis of global data sets

To determine the strength with which individual ites are detected in the temporal variations ofdifferent global data
sets, the index time series are fitted to the dldbsa sets as described in section 4.1 below. rBetee fit is applied, the
mean seasonal cycle (1995 — 2015) and a linead e subtracted from the individual indices (see idorel 1981). Some
teleconnection indices are characterised by stseagonal cycles, whereas others are not. Finalpbtained anomalies are
normalised by the corresponding standard deviatibhs 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 befsre 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 TQ\Wi de-seasonalised

time series of the monthly mean anomalies aredfitiethe following function:
TCWV/(t) =c 4t + f, »index(t) ()

Here ¢ and b describe constant and linear temdsx represents the selected normalised index of mpmntielan anomalies.
The fit coefficientf; describes the sign and strength of the contributiothe chosen index to the variability of the T&W
anomaly of the chosen 1° x 1° pixel. The constdfgedb-c and possible linear trenelb and the fit coefficienf; are
simultaneously determined by the fit. An exampléhaf derived fit coefficient for the ENSO indexsisown in Fig. 4 (top).
Systematic patterns with positive and negativecé@efficients are found. The fit function is sepehatapplied to the
individual indices listed in Table 2. Here it shebude noted that the fit function could in princifde applied to several or
even all indices simultaneously. However, since ynadices are highly correlated, the interpretatidrthe results would
then not be straight forward. Thus, we chose ttude the individual indices one by one in the fih¢tion. Besides the
parameters c, b, and the fit coefficiéntalso the difference between the temporal vamatibthe global data sets and the
applied fit function is quantified by the root mesguare (RMS). The RMS for the ENSO index is shawfig. 4 (second
row).

In order to quantify the importance of a seledtetkx, a second fit is performed with only the stamt and linear terms:

TCW\M(t) = c +b>t @

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

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

RMS,ioutindex - RMSini
de|ta RMS: %\nthoutlndex %wth index (3)

meanof dataseflatitude)
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The RMS differences are divided by the zonal meanes (see appendix 1) of the considered quantégabse (like for
water vapor) many of the analysed quantities depémhgly on latitude. The delta RMS is a measoregle magnitude of
the variance of a considered data set, which caexpkined by the chosen teleconnection pattertelfe is high similarity
of the temporal variation of an index with the temg variation of the considered data set, theadeMS values for both
fits is large. If there is no similarity, the cosnding delta RMS value is zero.

It should be noted that instead of the delta RMiBes also the correlation coefficients betweencihresidered data set and
the fit function (eq. 1) might have been used stheespatial patterns of both quantities are varnylar (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 areaibed for the TCWV from satellite observationdtjleERA data (center),
and ERA data for clear sky conditions (right). Hifghcoefficients (Fig. 4 top) mean that a substmart of the measured
TCWV time series can be explained by the ENSO ingattern. High negative fit coefficients mean tlane for the
negative ENSO index. Fit coefficients of zero ird&eno connection to ENSO. Very similar spatiatqrats 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 includingsiy conditions (center) or only clear sky condiso(right) it can be
concluded that the satellite observations (reptéesgmainly clear sky conditions) are representafior all sky conditions
(no obvious clear sky bias).

In all three data sets, the smallest RMS (Figedpnd row) are found close to the equator. Thimimteresting finding, but
can probably be explained by a) the rather high MCaMd b) its rather small variability in these @ggs. In mid-latitudes,
systematically higher RMS are found for the sdtellibservations compared to the model results. iSipsobably related to
the rather large effects of clouds on the satetliiservations, which becomes especially importarthése regions (clouds
lead to less valid observations and larger measemeomcertainties). Another interesting findinghat in polar regions the
RMS for the satellite observations is smaller tfanthe model results. This finding is probablyated to the sparseness of
water vapor measurements in these regions assuahilatthe ECMWF model. Thus the spatio-temporaiaimlity of the
satellite observations is probably more realidtiant that of the model data. The RMS for the modsduits for clear sky
conditions is slightly higher than for the modesuls for all conditions, which is to be expecteztduse of the reduced
number ofdata-availableinput dafar the cloud-filtered data séibout 40% less compared to the non-filtered dsetp

The lower panel of Fig. 4 shows the delta RMS Far ENSO index indicating the reduction of the RM&hé 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 shiowFig. 5 for the TCWV data set from satellitesebvations. For all
indices, specific activity centers can be foundiifferent parts of the globe. The fit coefficiefits all indices are presented
in the appendix (Fig. A9). Note that in generalysimilar spatial patterns are found for the thf€W\V data sets, but in
some cases also systematic differences are deffivethore details see section 6.1). As expectedgfoups of indices with
strong temporal correlation also similar spatiateras are found. This is most obvious for indis@silar to the ENSO
index (first group of indices in Figures A6 and A8imilar spatial patterns are also found for otbairs of indices, e.g.
between the Hawaiian Index (HAW) and the Pacific&al Oscillation (PDO) as well as between the I$dubpical
Atlantic index (STA) and the Equatorial Atlantiadiex (EA_errst).

5 Determination of significance
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For most teleconnection indices spatially cohepatterns of fit coefficients and delta RMS values fmund in the global
maps (see Fig. A9) indicating that these indicessignificantly detected in the global water vafdata sets. These spatial
patterns agree also well to the known regions wiieeecorresponding teleconnections are active.rimftion about the
significance of the fit results can be obtainedrfrihe fit function itself. However, in practiceetlsignificance information
from the fit has several limitations:

a) The determination of the significance is basedeveral assumptions about the data sets, etgalttdata points of the
time series have the same uncertainties and falowermal distribution. However, the errors of thdividual data points
can be very different, e.g. the effect of cloudslmnerrors of the satellite TCWV data set can éxy different for different
seasons and regions. Also, the uncertainties arentp random but contain also systematic contrdnst. 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 informatitepends on this choice.

c) In several tests we fitted artificial time serimm the TCWV data set. These tests showed that &resuch non-
geophysical time series ‘significant’ fit resulancbe obtained (see the examples in Fig. 6). Otfethside of this figure, fit
results for a time series containing only whitesegiand on the right side fit results for a tem[hpraversed teleconnection
index are shown (the temporally reversed indextsioed from the original index by mirroring theng axis). The blue and

red areas show fit coefficients for both time s&righich are classified as significant by the fit.

To address these difficulties, we developed andiepan empirical approach to determine threshahies for the delta
RMS values to decide whether an index is signifigatietected in a global data set. The new proaedudescribed in the
next section. It has the following two main advaest

-_the threshold values are determined empiricallyusTimo assumptions on the properties of the timeesar the
significance levels have to be made.

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

We compare the results of our empirical approadteterature 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 nopigssical indices for the estimation of the sigréfice level. Non-
geophysical indices are indices without any tempooeelation with the temporal variations of tmweéstigated geophysical
data sets. For that purpose we chose all temporallgrsed indices (see Table 2 and Fig. A6), becdusy cover all
relevant frequencies of the true teleconnectiongractice, the time axis is flipped, that mearesfitst entry (July 1995)
will be assigned to the last month (October 20481 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° fsixaf the global map. We chose thé"ggercentile because it is close to the

maximum, but still not affected by individual oetls. Here it should be noted that the exact choice efgércentile is not

critical, as the same percentile is applied to thinal and reversed indices. We found exactlshme set of significant

indices (see below) if we used thé"qfercentile or the $8percentile.
The red data points in Fig. 7 presents the 99thgmtiles (p99) for all reversed indices for theethT CWV data sets. From

the mean value and standard deviation of the efuitall temporally reversed indices, we calcukataéreshold value (black
dotted line in Fig. 7) for each data set (for detaee appendix A2). The obtained threshold vatugtfe TCWV data set

from satellite observations is 0.0031. We also iggpthe same method to a set1dfO artificial random time series and
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obtained avery—similarslightly smallerthreshold value of 8833-0027-cenfirming indicatinthat the threshold value
obtained from the temporally reversed time sedegasonable.

If the p99 values are above the threshold, itkislyi that the considered index significantly cdmtites to the variability of
the considered data set and vice versa.

In Fig. 7 besides the p99 values for the temporaWersed indices (red), also those for the origimdices are shown (blue).
For many of the original indices, the p99 values much larger than the threshold value indicatirag 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 Bigance, we also made
use of the effect of time shifts applied to theiwidlal indices. The underlying idea is that thdtald&RMS 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 indic® added to the number of significantly detetébeiconnection indices.
For the TCWV data set from satellite observatidhs,number of significantly detected indices inee=afrom 40 to 42, for
the ERA TCWYV data set from 43 to 44, and for theAHRita 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 apgra® those of standard methods for significanstirtg. For this

purpose we derived the local p values for eachviddal fit by a two-tailed t-test. As standard nwb we applied the so-
called Walker test and the false discovery rateRFfst (e.g. Wilks, 2006; 2016). The Walker testsithe minimum local

p value derived from the individual fits as thelibtest statistic. The FDR test compares the pesbf all grid pixels with

the distribution of the statistically expected FOBth tests deal with the problem of field sigréfice. Another advantage

of both tests is that they are rather robust wébpect to spatial correlations. We also accounteftgcts of temporal

autocorrelation within the fit method by assumingAR(1) process of the fit residual (Seabold ancki@él, 2010). We

applied both standard tests to the satellite TCVeltAdet and compared the results to those of opirieal approach using

reversed indices (Fig. 8).

Especially for the FDR test, very similar resultsresobtained compared to our empirical approacly &few indices with

low frequencies (Q50, Q70, and IPO) which were fmesly found to be slightly above the significareeel, are now found

to be slightly below the significance level. Corsady, some previously non-significant indices wliilgh frequencies are

now found to be slightly above the significanceettirold. These changes are related to the factdh#ie new method we

also accounted for the temporal correlations ofiisleces. The most important finding is, howeverthat these differences

between the FDR test and the old method are onigddor indices close to the significance thresb@ldd thus don't affect

the main findings of our study. The number of digant indices found for our empirical approach dinel FDR test differs
only by 2 (42 for our empirical method and 44 fioe new method) if one takes into account that t&® and FMO2 as

well as the OOMI1 and FMOL1 indices are very similar

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

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

6 Comparisen-of-thetResults for the different global data sets

6.1 Comparison of the results for the TCWYV data setto those for the other data sets

A rather high number of significant indices wasnitiiged in the global TCWV data sets. To put thisdfng into a broader

perspective, we applied the same procedure alsthir global data sets, which are usually consii@neteleconnection

8



350

355

360

365

370

375

380

385

studies (see Table 1). The corresponding p99 vatdiethe different indices (including also the resest indices) are
presented in Fig. A10. In general similar resuif@ the TCWV data sets are found. In particuiar,all data sets a large
number of teleconnection indices is significantlgtetted. However, also differences are found: irtiqudar, the
teleconnection index with the maximum p99 valuéoisnd to be different for the different data sdtsr the TCWV data
sets, surface temperature and pressure, as walbsisof the zonal winds, the largest p99 valuegared for indices similar
to ENSO. For the TCWV data sets and surface tertyrerathis can be expected, because the ENSO plegrwomis driven
by the surface temperature (over the tropical Rgcifccordingly, also the TCWV data sets will beosgly affected,
because the TCWV depends strongly on the temperatuhe lowest atmospheric layers. The strongierfte of the ENSO
phenomenon (BEST index) on the zonal winds at nfmstls can probably be explained by the fact tlaagd scale
phenomena like ENSO can have a strong influendhewguasi-persistent zonal flow patterns in thpit® 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 atmospimglices are defined
based on anomalies of the geopotential heighitsraAlso for the zonal winds, the largest p99 values@ued for the polar

atmospheric indicgswhich is probably caused by the strong relatigndbetween geopotential heights and winds is,
hewever, is-hotclearto-us

A summary of the number of significant indices &inel teleconnection index with the highest p99 iegiin Table 3. Most
significant indices are found for the zonal windghvthe highest number in the upper troposphere.tfi@se data sets the
number of significant indices is larger than foe tRCWV data sets. For geopotential heights and diogral winds, less
significant indices are found (and even less tlmirtfe TCWV data sets). For geopotential heightstrsmnificant indices
are found in the upper troposphere, while for thexidional winds no clear altitude dependence iepledl. Also for the
surface temperature and surface pressure rathendombers (less than for the TCWV data sets) ofiggmt indices are
found. From these results we conclude that theayl®iCWV data sets are well suited for teleconnecstudies. Here it
should again be noted that the satellite TCWV datexclusively determined from measuremensts, aerdTICWV is
dominated by the layers close to the surface. Tudindings indicate that also indices which aseally detected in the
middle and upper troposphere can be significargtgcted in data sets which are dominated by therionoposphere.

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

Intermediate values are found for the water vapba dets.

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

For most of the teleconnection indices, very simslaatial patterns are found in the TCWV data sebtained from satellite
or ECMWF data (see Fig. A9). This confirms both ttigh quality of the satellite measurements and ehsdnulations.
However, for some indices, also substantial difieess are found (see Fig9). The most obvious differences are found over
northern Africa. In principle, they could be caudsderrors of both the satellite or model data.semwvever, since very
good agreement over northern Africa is found forsmof the indices, we can very probably excludetesyatic
measurement biasés the satellite data sdtike—e.g. effects from the high surface albedo over $lahara). Thus we

conclude that the observed differences probablycate deficiencies in the model simulations, pdgsielated to the

sparseness of observational data over northeroaésed in the model. It is interesting to noté tha differences are found
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for both oceanic and atmospheric indices which hateer different frequencies. These comparisonltesnight help to

improve the model performance over norther Afrigad to a lesser degree also over other regions).

7 Orthogonalisation of indices

It was shown in Fig. 3 that many indices are stlprgrrelated. Thus the numbers of ,significantioas$’ obtained in the
previous chapters are not useful to represent tmeber of independent significant indices. To actdon correlations
between the different indices, we thus applied rdmogonalisation approach. For the orthogonalisatimased on the Gram—
Schmidt process), all ,significant’ original indE@nd significant temporal derivatives (see Fight&) were considered (in
total 57 indices). The order of indices used inithetive orthogonalisation process was from hggltte lowest p99 values.
The result of the orthogonalisation approach issacf modified teleconnection indices, which shoxeso correlation
amongst each other (for the considered time peribal)s this new set of orthogonalised indices camuded to determine
the number of independent significant teleconnectiatterns in the global water vapor data sets.ayaied our new
method to the new set of orthogonalised indiceesbwhich of the modified indices have p99 valaksve the significance
threshold. As expected, this number (2@e Fig. 1pwas found to be much smaller than for the origindices (40)
confirming that many teleconnection indices areegdihighly correlated and related to the same phena. We also found
that the difference between the highest p99 véretije ONI index) and subsequent p99 values ishmaiger than for the
original indices. This finding indicates that themporal pattern of the ENSO phenomenon is containednany
teleconnection indices (see also Fig. ®)e delta RMS maps for the significant orthogoralisndices (together with the

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

8 Global distributions

The delta RMS maps derived for the individual iedishow characteristic patterns which indicate fctv regions of the
globe the selected index is important or not. Ideorto assess the global distribution of the génenportance of
teleconnections, we added the delta RMS maps aiglificant indices. The corresponding maps ofdheved cumulative
delta RMS distributions are presented in Rig.11for different selections of teleconnection indieesl TCWV data sets. In
the upper panel the patterns of all significared¢ehnection indices found for the TCWV data setfsatellite observations
are added. In the middle panel the same is showthéosignificant orthogonalised indices. The corigmn again clearly
indicates that many indices are highly correlatethe ENSO index. Thus, if only the orthogonaligetices are considered,
the ENSO pattern, especially in the tropical Paciiecomes relatively weaker compared to the cuinalalelta RMS
values in other regions. The cumulative delta RM&p for the orthogonalised indices represents tleeadivcontribution of
teleconnections to the variability of the globalVi® distribution. Our results indicate that thesatcibbutions are strong in
the Tropics as well as in high latitudes. This p®ito potential drivers of these teleconnectiong, opical convection or
synoptic-scale wave breaking in jet exit regionse(g.g. Feldstein and Franzke, 2017). In the Ipyaeel the cumulative
delta RMS map for all significant orthogonalisedioes for the ERA TCWYV data set is shown. The detigpatial patterns
are very similar to those for the satellite datia keshould, however, be noted that also for regim high latitudes, which
are not covered by the satellite observations hahes are found.

Fig. £+-12 shows the latitudinal (top) and longitudinal (batfodistribution of the p99 values for all signifitaoriginal
indices (red) and all significant orthogonalisediges (blue) detected in the TCWV data from saeelibservations. As
expected, the highest values (related to ENSOjjcared over the equatorial east Pacific, but madicies have the strongest
effects in mid and high latitudes. Interestingly, the latitude range between —30° and +30° only dioe significant

| orthogonalised index (besides ENSO) the maximurtad@MS is foundAnother interesting finding is that several indices
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have their p99 values close to the date line (betwE57° and —180° latitude). Four of these indi@es also located at

similar_latitudes (between 38° and 71°N). In thedion, also previous studies found enhanced agtfeiy. Hsu and Lin,
1992; Hoskins and Ambrizzi, 1993; Trenberth et B998). One possible reason for the enhanced tyciivihis area might

be the effect of jet exit regions, which are drivera large extent by the Earth’s topography (Reldsand Franzke, 2017).

9 Conclusions

We investigated if and how strong the temporalquag of a large set of teleconnection indices oandentified 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 is fing time that a global TCWYV data set was usedunh a detailed way in
teleconnection studies (note that part of this datavas already used by van Malderen et al., 20& it is important to
note that the TCWV data set is purely based onrebtienal data. Another important achievement a$ study is the
development of a new empirical method to decidethdrea teleconnection index is significantly detecin the global data
set. The method is based on temporally reversetdehection indices, which ensures that all relewiane scales are
considered. The new method can be applied in aewsal way to different data sets. In this study applied the new
method to the TCWV sets derived from satellite ardel data as well to several further quantitiesictvtare often used in
teleconnection studies. Based on the obtainedtsesu could derive the following main conclusioatated to the science
questions mentioned in the introduction:

a) We developed a new empirical approach to determvihether a teleconnection index is significadéiyected 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 uargiés have to be made. We applied the new methadglobal data set
of the TCWV derived from satellite observations &émahd that 40 teleconnection indices could beifitantly detected.

b) We applied the same method also to TCWV fromBR& interim data set. Here we used two versionth@fmodel data
sets, one including all data, the other only ckdar data. The results for both versions agree irege very well with those
for the satellite data set. This confirms both go@lity of the satellite and model data sets.dbahdicates that the satellite
observations can be seen as representative falaglimean values. For some teleconnections, howelss, systematic
differences, mainly over northern Africa, were ab¢a. Since these differences are not found for rtfegority of the
teleconnection indices, we conclude that they arg probably not related to systematic errors ef ghtellite data set, but
rather indicate shortcomings of the model overétregions.

¢) We also applied our method to a variety of otllata sets, which are usually used in teleconnecttadies (surface
temperature, surface pressure, geopotential heggtdsmeridional winds at different altitudes). Faoost of these data sets
less teleconnection indices were significantly dege than for the TCWV data sets, while for zonahds, more
teleconnection indices (up to >50) were signifibadietected. These results indicate that our gldl2WV data set is well
suited for teleconnection studies. In our viewstls an important aspect, because our data setcigsevely based on
measurements. The strongest teleconnection sigreaks detected for the data sets of tropospherip@eatial heights and
surface pressure. This finding is consistent tofélcethat most teleconnection studies are basdtiese quantities. Another
interesting finding is that in none of the globatal sets, non-teleconnection indices (like the rsohmiability, the
stratospheric AOD or the hurricane frequency) veggeificantly detected.

d) We investigated the spatial distribution of teéeconnection patterns. In particular we calculagéobal maps for the
cumulative effect of all teleconnection patternar 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 detectedhie TCWV data set. Our global map of the cumulagifects of all

significantly detected orthogonalsed teleconnestisihowed the strongest teleconnection signalsergtbbal TCWV data
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set over the Tropics and in polar regions. Thesgiappatterns point to importance of differentvilyg mechanisms in

different regions.
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Tables

580 Table 1: Meteorological data sets used in this styd

Quantity Source Altitude
Water vapor VCD Satellite observations Total colum
Water vapor VCD ECMWF reanalysis (all sky condigpn Total colum
Water vapor VCD ECMWF reanalysis (clear sky Total colum
conditions)
Surface temperature ECMWF reanalysis (all sky dooms) Surface
Surface pressure ECMWF reanalysis (all sky conaio Surface pressure extrapolated to
sea level
Geopotential heights ECMWF reanalysis (all sky ¢bods) | 50hPa, 200hPa, 500hPa, 850hkPa,
950hPa
Zonal winds ECMWEF reanalysis (all sky conditions) OhPa, 200hPa, 500hPa, 850hRa,
950hPa
Meridional winds ECMWF reanalysis (all sky conditg) | 50hPa, 200hPa, 500hPa, 850hPa,
950hPa
*the zonal winds at 50hPa are not further analybedause they are — by definition - dominated ley@BO teleconnection

signal.

585

Table 2: Teleconnection indices and other time ses$ used in this study. More details about these ifmks as well as
590 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)
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BEST HAW SCA MJ1 PNA Solar indices:
N34 PDO AAO MJ2 SOl RI
TPI PMM EAWR MJIN NOI MGII
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

595

600

605

Table 3: Numbers of significant indices and most gnificant 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
610 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 233
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. 2: Global mean distribution of the TCWV from satellite observations (A) and ERA data: B) all data C) only
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Fig. 3: Correlation coefficients between the diffeent teleconnection indices (after seasonal cycle steemoved). Note
that only one set of MJO indices is included hereotminimise the total number of indices.
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Fig. 7: Blue markers: 99th percentiles (p99) of thelelta RMS of the original indices for the three TGVV data sets.
Red markers: similar results for the temporally rewversed indices. Black lines: significance thresholdlhe indices are
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| Fig. 1011 Cumulative delta RMS for different selections ofindices and data sets (note the different colour ates).
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Appendix 1

Normalisation of the delta RMS values

In many teleconnection studies (e.g. Horel, 1981 r@fierences therein), the strength of a telecdioreindex is quantified
by calculating the ratio of the difference of th®® (with and without an index included) and theatd®®MS. In this study
we applied a different procedure, because the RS depends on many factors, in particular alsthenuncertainties of
the considered data set. Since we want to compareleélta RMS values derived for different data $etsarticular the
TCWYV data sets derived from satellite observatiand model results, but also other datasets) inamtgative 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 respectivexndVhile 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 ¢adtof the long term
average of each considered 1° x 1° pixel), becarsgome data sets used in this study (especiadlytind data sets) large
variations and even zero-crossings exist, whichldvéead to meaningless delta-RMS values. We condptire delta RMS
values calculated by our new definition with thase¢he more traditional definition for the TCWV dasets (Fig. Al). The
obtained global patterns of both delta RMS defimisi are almost identical.

Satellite observations ECMWE all ECMWE clear
A) {,\“ A ;.%j‘?’_*'fﬁ? ls:—\‘“@}fﬂbf" T &

™= f. i : Lf & I%w \' riL"-_ {%‘ “ . ]
h ‘U.f?__u %‘ 1)7 }u' &
= | Chiny —

= ey ' et re R

| normalised by RMS

normalised by zonal mean

Qo0) 0905 D01 GWds  DWd0  De3§ D030 Q035 QdeD

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%fcentiles in Fig. 7 are substantially higher tfian others. Since all
reversed indices represent non-geophysical vansitisuch enhanced 99th percentiles are not expethtes this finding
was further investigated. It turned out that théasted values are caused by accidental correlatibriese reversed
indices with original indices (see Fig. A2), for isfh high 99th percentile values are found. Thisoséng is confirmed by
the results shown in Fig. A3. There, high p99 valfge reversed indices are always found if theycareelated 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 frexks in Fig. A3). Here
it should be noted that two somehow arbitrary ch®iwere made:

a) the selection of the selected reversed indiegsk{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 inflleepa the derived threshold value. With respechéofirst point, it should
be noted that while the selection was made ratheservatively, still many reversed indices weretladper the filtering
process. It was also found that most of the skipee@rsed indices were removed because of enhareelations 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 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 valaee in general
substantially higher than the p99 values of theaiaing indices. In sensitivity studies we foundttteking account more
than 8 original indices had a negligible effecttba derived threshold values.

The red markers in Fig. A4 represent the p99 vafoeshe indices which were kept after applying #edection criteria
explained above. In the final step, from these p8Ries the average and standard deviation are latddu The p99
threshold for the significance of a indices is tleafculated 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%)isporocedure was
chosen, because the threshold values calculatéuisrway are very close to the maximum p99 valuethe remaining
indices (red dots in Fig. A4) but are hardly aféetby possible remaining outliers. The derivedsheotd value is indicated
by the dashed black line in Fig. 7.
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985 Appendix A3

In addition to the p99 values themselves, alsceffect of time shiftdDt =+ 1 month of the indices on the p99 values was
considered to decide whether an index was sigmifigadentified in a global data set, because falices with a geophysical
relationship to a considered data set, the exagpdeal synchronisation should be important (buthhidepend on region).
990 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 dtedhthat for some teleconnections, also time maigit exist between the
corresponding indices and the atmospheric variafiless the lack of an exact synchronization shawdtl be seen as a
strong indication that the corresponding telecotioravas not significantly detected in a globaladsét. But conversely, if
a clear synchronisation for a teleconnection isihuhis can be interpreted as a a strong indicdtiosignificant detection.
995 In Fig. A5 the p99 values for the original and shdf (oy+ 1 month) indices are shown for the TCWV data sanfsatellite
observations. For most data sets (especially fosehwith high p99 values) indeed smaller p99 vahresfound for the
shifted indices. Here it is interesting to notetthageneral a stronger effect is found for atmeshindices than for oceanic
indices, which can be understood by the higherueegies of the atmospheric indices. For severamcendices, even
higher values are found for the shifted indicesdating a time shift (mostly a time lag) betweee fRCWV and these
1000 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 atnuepc indices with p99 values below the significatiereshold (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 data Séwus in the following we consider also indiceshw99 values below
1005 the significance threshold but with p99 ratios ae@8 for both shifts as significantly detected rélé should be noted that
the choice of the threshold value of 0.8 is somehdvitrary. It was chosen because a deviation & #@m unity is larger

than the ‘noise level of the ratio. The exact aeoof the threshold has only a small effect onatbi@ined results.
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Appendix 4

Additional Figures and tables
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Trans-Nino index
(NOAA)

TNI

Oceanic

Lb o on s

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

East Atlantic pattern
(NOAA)

EA

Atmospheric

East Atlantic/Western
Russia pattern
(NOAA)

EAWR

Atmospheric

bR om W

Scandinavia pattern
(NOAA)

SCA

Atmospheric

bk ornwa

West Pacific pattern
(NOAA)

WP

Atmospheric

bhhorNw

East Pacific/North
Pacific pattern
(NOAA)

EPNP

Atmospheric

bR B orN e

Polar-Eurasian pattern
(NOAA)

PE

Atmospheric

LFobborma

36




Arctic Oscillation
(NOAA)

AO

Atmospheric

Antarctic Oscillation
(NOAA)

Atmospheric

Quasi-Biennial
Oscillation

at 30 hPa
(NOAA)

QBO

Atmospheric

Quasi-Biennial
Oscillation

at 30 hPa

(Free  University  of
Berlin)

Q30

Atmospheric

200
100

-100
-200
-300
-400

o

LEREN

uasi-Biennial Oscillation
at 50 hPa

(Free  University  of
Berlin)

Q50

Atmospheric

-1

200
10¢

8

5
8

-200

-300

o

U e e

BRI

uasi-Biennial Oscillation
at 70 hPa

(Free  University  of
Berlin)

Q70

Atmospheric

150
100
50

°

-50']"
-100
-150
-200

D ot P 1

AR S

D) MJO Indices*
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Component 1
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Madden
Oscillation (OOMI)
Component 1
(NOAA)
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Atmospheric

Madden
Oscillation (FMO)
Component 1
(NOAA)
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Atmospheric
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Oscillation (VPM)
Component 1
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VPM1

Atmospheric
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Oscillation**
Component 1
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Bureau of
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Atmospheric
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Magnetic AP index
(NOAA,
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Radio flux at 10.7 cm
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Sun spot number
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Sun spot number
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Fig. A6: List of original indices used in this stug. Besides the short names also the data sourcesdlaheir temporal

variation from 1995 to 2016 are shown.

*All MJO indices are convoluted with a Gaussianrarof 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
mean seasonal cycles and linear trends are subtrad. Then the differences are normalised by their andard
1060 deviations.
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1065 Fig. A8: Delta RMS (left) and r2 values (right) for the fit of the ENSO index to the TCWV derived fromsatellite
observations.

1070

1075

40



Short Satellite ECMWF data Short Satellite ECMWF data
name observations name observations

Indices similar
to ENSO
37(’. ,‘ '?

ENSO [T

TPl 5 e

IND

3= EA_ersst =3

CAR ==,

AMM [5ET i

AMO [ FEER T
HAW R
DMI =7

TNl T

EPNP E=&EE— 7

41



42



Other Indices
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Fig. A9: Fit coefficients for all indices used inhis study. Shown are the results for the TCWV dataet from satellite
observations (left) and model results (for all skonditions) (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 deltaMS 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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1160

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 ONI derivative ortho
9 EPNP EPNP ortho 19 SOl SOl ortho
3 {4»@ YA
y 7 U
— e
10 BEST BEST ortho 20 TPI TPI ortho
PN R, \Q\Mp l"\?\q"*‘?\ . R
;(L?/—\ xzop I8 ~% = -l;;}/“j 1/7 VU
i, s = = — L e

Fig. /;\12: Delta RMS maps for the signifi

cant orthognaliséd indices together with the d

elta RMS

mapsof the

| original indices. The numbers at the left sides indate the order (descending) of the p99 values (sakso Fig.109).
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Table Al Significant indices for all data sets (intes with p99 values below threshold but shift ratis <0.8 are

indicated in brackets).

Data set

Number of
significant
indices

Significant indices
(from highest to lowest p99 values)

TCWV 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, RMML1,
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, 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
hPa

51 (0)

BEST, N34, TPI, SOI, ONI, ENSO, N4, IND, PDO, NOI, N1, VPM2,
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

26 (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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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

48




