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Dear Marc,

we uploaded the revised version of our paper.

We have made major changes to our manuscript amd addressed almost all of the reviewer’s

comments as described in detail below.
Many thanks for your support!
Best regards,

Thomas

1) Summary of the main changes

A) The motivation and description of the empirical method was improved.

We agree with both reviewers that the description of new method had errors and was
complicated. It was also not well motivated.

In the revised version we shifted many technical details of the new method to the appendix
(e.g. the description of our normalisation approach as new appendix Al, or the investigation of
the effect of time shifts as new appendix A3).

We also added more details about the fit function to section 4, and more details about the
calculation of the temporally reversed indices to section 5.1.

For the motivation of our new approach we added the following information to section 5 (see
also new Fig. 6):

... Information about the significance of the fit results can be obtained from the fit function
itself. However, in practice, the significance information from the fit has several limitations:

a) The determination of the significance is based on several assumptions about the data sets,
e.g. that all data points of the time series have the same uncertainties and follow a normal
distribution. However, the errors of the individual data points can be very different, e.g. the
effect of clouds on the errors of the satellite TCWV data set can be very different for different
seasons and regions. Also, the uncertainties are not only random but contain also systematic
contributions. It is difficult (if not impossible) to quantify the uncertainties of the involved time
series.

b) The determination of the significance is based on prescribed significance levels. The choice
of such a significance level is arbitrary and the obtained significance information depends on
this choice.

c) In several tests we fitted artificial time series to the TCWV data set. These tests showed
that even for such non-geophysical time series ‘significant’ fit results can be obtained (see the
examples in Fig. 6). On the left side of this figure, fit results for a time series containing only
white noise, and on the right side fit results for a temporally reversed teleconnection index are
shown (the temporally reversed index is obtained from the original index by mirroring the time
axis). The blue and red areas show fit coefficients for both time series, which are classified as
significant by the fit.

Based on these findings, we conclude the use of the significance of the detection of an index
derived from the fit itself is not straight-forward.

To address these difficulties, we developed and applied an empirical approach to determine
threshold values for the delta RMS values to decide whether an index is significantly detected
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in a global data set. The new procedure is described in the next section. It has the following
two main advantages:

-the threshold values are determined empirically. Thus no assumptions on the properties of
the time series or the significance levels have to be made.

- the method provides a clear procedure and in particular a metric which can be applied in a
consistent way to different data sets and thus allows a quantitative comparison (see section
6).’

random time series

=S . 3 : P

random03 - - AMM_reverse

|

—0.100-0.075-0.050-0.025 0.000 0.025 0.050 0.075 0.100
New Fig. 6 Global maps of the fit results for an d&ificial time series containing only white noise @ft) and a
temporally reversed teleconnection index (AMM, righ). The white areas represent fit results, that areclassified as
non-significant by the fit routine (for a 5% significance level).

B) The Scope and aims were made more clear.

Probably one important misunderstanding was that we gave the impression to the reader that
we aim to investigate the influence of teleconnections on the TCWYV. This has probably even
led to the expectation that we could predict monthly TCWV using teleconnections. This was
not our intention. To make this more clear in the revised version of the manuscript, we
removed the term ’influence of...’, in all parts of the text. And in the introdiction we added the
following information: 'Here it should be noted that we do not aim to identify causal
relationships or even to predict the TCWV based on teleconnection indices’ At the end of the
introduction, we added more details and explanations to our research goals. We also
restructured the conclusions accordingly and provided respective answers to the research
questions formulated in the introduction. The following modified text was added to the
conclusions:

‘....Based on the obtained results, we could derive the following main conclusions related to
the science questions mentioned in the introduction:

a) We developed a new empirical approach to determine whether a teleconnection index is
significantly detected in a global data set. This approach avoids problems of existing
algorithms for the determination of significance, because no assumptions on the significance
level or the measurement uncertainties have to be made. We applied the new method to a
global data set of the TCWV derived from satellite observations and found that 40
teleconnection indices could be significantly detected.

b) We applied the same method also to TCWV from the ERA interim data set. Here we used
two versions of the model data sets, one including all data, the other only clear sky data. The
results for both versions agree in general very well with those for the satellite data set. This
confirms both the quality of the satellite and model data sets. It also indicates that the satellite
observations can be seen as representative for all day mean values. For some
teleconnections, however, also systematic differences, mainly over northern Africa, were
obtained. Since these differences are not found for the majority of the teleconnection indices,
we conclude that they are very probably not related to systematic errors of the satellite data
set, but rather indicate shortcomings of the model over these regions.
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c) We also applied our method to a variety of other data sets, which are usually used in
teleconnection studies (surface temperature, surface pressure, geopotential heights and
meridional winds at different altitudes). For most of these data sets less teleconnection indices
were significantly detected than for the TCWV data sets, while for zonal winds, more
teleconnection indices (up to >50) were significantly detected. These results indicate that our
global TCWYV data set is well suited for teleconnection studies. In our view, this is an important
aspect, because our data set is exclusively based on measurements. The strongest
teleconnection signals were detected for the data sets of tropospheric geopotential heights
and surface pressure. This finding is consistent to the fact that most teleconnection studies are
based on these quantities. Another interesting finding is that in none of the global data sets,
non-teleconnection indices (like the solar variability, the stratospheric AOD or the hurricane
frequency) were significantly detected.

d) We investigated the spatial distribution of the teleconnection patterns. In particular we
calculated global maps for the cumulative effect of all teleconnection patterns. For that
purpose we first orthogonalised the teleconnection indices to avoid the effect of correlation
between the indices. Compared to the original set of indices, much less of the orthogonalised
indices (20 compared to 42) were significantly detected in the TCWV data set. Our global map
of the cumulative effects of all significantly detected orthogonalsed teleconnections showed
the strongest teleconnection signals in the global TCWV data set over the Tropics and in polar
regions. These spatial patterns point to importance of different driving mechanisms in different
regions.’

C) The relationships between different indices and the motivation for the
orthogonalisation of the indices was made more clea r:

We added new columns in Table 2 (see below). We now show separate columns for indices
similar to ENSO, polar atmospheric indices, MJO indices, as well as other oceanic and
atmospheric indices.

Indices similar |Other oceanic |Atmospheric |MJO indices |Other Others
to ENSO (7) indices (16) polar (15) atmospheri |indices (7)
indices (8) c indices
(8)
BEST HAW SCA MJ1 PNA Solar indices:
N34 PDO AAO MJ2 SOl RI
TPI PMM EAWR MJN NOI MGl
ONI N1 NAO VPM1 EA SWO
ENSO TNI EPNP VPM2 QBO S107
N4 NTA AO VPMN Q30 AP
IND TNA PE RMM1 Q50
WHWP WP RMM2 Q70 HUR
IPO RMMN (hurricane
CAR OoOoMI1 frequency)
AMO OOMI2
DMI OOMIN SAOD
AMM FMO1 (stratospheric
STA FMO2 AQOD)
TSA FMON
EA_ersst

In section 3 we added the following explanation:
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'Many of these indices (describing the same phenomenon), but also many of the other
teleconnection indices are highly correlated. The strength of these correlations is presented in
Fig. 3 as a matrix with correlation coefficients between the different indices (after the seasonal
cycles were removed). In spite of the correlations amongst the teleconnection indices, we
decided as a first step to include them all in our study, because beforehand it is not clear
which index might be best suited to represent a teleconnection phenomenon. Using our
empirical approach, however, it becomes possible to quantify the significance and strength of
the different indices and thus to select the best suited index for a given teleconnection
phenomenon. Finally, we apply an orthogonalisation for the most significant indices (see
section 7) to minimise the effect of the correlations and to identify the dominant temporal
teleconnection patterns in our TCWV data set.’

To better motivate the orthogonalisation, we modified the respective information in section 7
to:

,Jo account for correlations between the different indices, we thus applied an
orthogonalisation approach. For the orthogonalisation (based on the Gram—-Schmidt process),
all ,significant’ original indices and significant temporal derivatives (see Figure All) were
considered (in total 57 indices). The order of indices used in the iterative orthogonalisation
process was from highest to lowest p99 values. The result of the orthogonalisation approach is
a set of modified teleconnection indices, which shows zero correlation amongst each other (for
the considered time period). Thus this new set of orthogonalised indices can be used to
determine the number of independent significant teleconnection patterns in the global water
vapor data sets. We applied our new method to the new set of orthogonalised indices to test
which of the modified indices have p99 values above the significance threshold.’

D) The logical flow of the paper and the appearance  was improved.

As mentioned above several technical parts were shifted to the appendix. The science
guestions were better motivated in the introduction, and the corresponding answers were
added to the conclusions.

Several Figures were shifted/deleted/modified:

-Fig. 3 was shifted to the appendix

-Fig. 8 was shifted to the appendix

-the upper part of Fig. 9 was shifted to the appendix

-Figs Al and A2 were deleted as suggested

-the quality of Fig. A4 was improved and the number of the sub-figures was largely reduced
(by a factor of 3)

-the quality of Fig. A9 was improved

E) We added a new sub-section (6.1) for the compari  son of the spatial patterns of the
measured and simulated TCWV.

While for most teleconnection indices very good agreement of the spatial patterns is found
between the measuremed and simulated TCWV, for some indices also substantial differences
are detected. These differences can point to shortcomings in either the satellite or model data
sets (or both) and might be helpful for corresponding improvements.

We added a new Fig. 8 (see below) and the following new text:

'For most of the teleconnection indices, very similar spatial patterns are found in the TCWV
data sets obtained from satellite or ECMWF data (see Fig. A9). This confirms both the high
quality of the satellite measurements and model simulations. However, for some indices, also
substantial differences are found (see Fig. 8). The most obvious differences are found over
northern Africa. In principle, they could be caused by errors of both the satellite or model data
sets. However, since very good agreement over northern Africa is found for most of the
indices, we can very probably exclude systematic measurement biases (like e.g. effects from
the high surface albedo over the Sahara). Thus we conclude that the observed differences
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probably indicate deficiencies in the model simulations, possibly related to the sparseness of
observational data over northern Africa used in the model. It is interesting to note that the
differences are found for both oceanic and atmospheric indices which have rather different

180 frequencies. These comparison results might help to improve the model performance over
northern Africa (and to a lesser degree also over other regions).’

New Fig. 8:
Satellite observations Model result

= ;_. S
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PDO
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EPNP

PNA

—0.100-0.075-0.050-0.025 0.000 0.025 0.050 0.075 0.100
Fig. 8: Fit coefficients for selected teleconnectio n indices, for which different patterns were found in the
TCWYV data set from satellite observations (left) an  d model simulations (right). The red circles indica te
regions with substantial differences
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2) Replies to the comments of reviewer #1

Reviewer comment:

The manuscript selects extensive existing teleconnection indices and aims to identify
teleconnection patterns in a new global dataset. It presents a nhew method to examine the
reproducibility of the teleconnection in the global dataset along with other data sources.
Although the manuscript first employs the dataset to the teleconnection research, which shows
its novelty, the quality of the presentation needs substantial improvements. In the current
version, the manuscript intends to address the research questions mentioned in the
introduction, but the presentation of the results is confusing and difficult to follow. For example,
the manuscript (e.g., Page 2, line 66-67) frequently mentioned the aim is to investigate the
influence of teleconnections on the global distribution of the total column water vapor (TCWV).
As far as | understand, the paper does not clearly address this issue. Could the authors clarify
and stress the influence of teleconnection on the TCMV in the manuscript?

Author reply:

As mentioned in point B) above, we tried to make our aims more clear. Our aim was not to
investigate the influence of teleconnection on the TCMV or to predict monthly TCWV using
teleconnections. As described in point B) above, this was made more clear in many parts of
the manuscript. For the text mentioned above (Page 2, line 66-67), we modified it to:

'In this study we investigate to which extent the temporal patterns of various teleconnections
can be identified in the global distribution of the total column water vapor (TCWV).’

Reviewer comment:

Hence, | suggest some restructure of the body text of the manuscript. For instance, it might be
beneficial to clarify the relationship between different groups of indices and their
corresponding results.

Author reply:
We agree and made the corresponding changes, see points B), C), and D) above.

Reviewer comment:
Also, | suggest the authors improve the quality of the figures.

Author reply:
We agree and made the corresponding changes, see point D) above.

Specific comments:

Reviewer comment:

1. The manuscript used the water vapor column data from satellite observations in the red
spectral range. Is there anything special for the use of red spectral range in the paper? It will
be good to give some explanations otherwise | suggest removing “in the red spectral range”
from the title.

Author reply:

We changed ,red’ to ,visible’. The important point here is that the satellite observations
observe scattered and reflected sun light. Thus they are sensitive for the total atmospheric
column.

We added the following explanation to section 2.1:
'The data analysis is performed in the red spectral range. Since these satellite instruments
observe scattered and reflected sun light, the observations are sensitive for the whole
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atmospheric column including the surface-near layers which usually contain the largest
fraction of the total atmospheric TCWV.’

Reviewer comment:

2. Page 3, line 105: Could the authors provide one or two references, which shows that the
variations of the TCWV are strongly associated with ENSO events? Or can authors provide
the correlations over the tropical band?

Author reply:

The following references were added:

Simpson, J. J., J. S. Berg, C. J. Koblinsky, G. L. Hufford, and B. Beckley, The NVAP global
water vapor data set: Independent crosscomparison and multiyear variability, Remote Sens.
Environ., 76, 112-129, 2001.

Soden, B. J., The sensitivity of the hydrological cycle to ENSO, J. Clim., 13, 538— 549, 2000.
Wagner, T., S. Beirle, M. Grzegorski, S. Sanghavi, U. Platt, EI-Nifio induced anomalies in
global data sets of water vapour and cloud cover derived from GOME on ERS-2, J. Geophys.
Res, 110, D15104, doi:10.1029/2005JD005972, 2005.

Reviewer comment:

3. In the third section (Page 4, line 130-145), the authors did a great piece of work on putting
various existing teleconnection indices together. The manuscript divides those indices into
groups but indices in the same group can have high correlations, like ENSO indices (Fig. A3).
The authors could focus on some selected indices and omit other highly correlated indices
unless the differences among those indices affect the conclusion of the manuscript. It would
be good to see more discussions in the line 143-144 for Fig.4.

Author reply:

In this comment we see two important aspects:

a) the description of the correlations and the grouping of the indices should be improved.

We followed this suggestion, see point C) above. In particular we added new sub groups of
indices to table 2.

Furthermore, we added the information that for indices with high correlation similar spatial
patterns are found in the TCWV data set. In section 4.1 we added the following information:

" As expected, for groups of indices with strong temporal correlation also similar spatial
patterns are found. This is most obvious for indices similar to the ENSO index (first group of
indices in Figures A6 and A8). Similar spatial patterns are also found for other pairs of indices,
e.g. between the Hawaiian Index (HAW) and the Pacific Decadal Oscillation (PDO) as well as
between the South Tropical Atlantic index (STA) and the Equatorial Atlantic Index (EA_errst)’

b) It is suggested to ,focus on some selected indices and omit other highly correlated indices
unless the differences among those indices affect the conclusion of the manuscript.’

In principle we agree to this suggestion. However, in our opinion this was already addressed in
a systematic way in the original manuscript by applying the orthogonalsiation of the
teleconnection indices. Our choice to use an orthogonalsiation has the advantages that it is
mathematically straight-forward and avoids any ambiguities and arbitrariness in the selection
of the ,best’ index out of a group of similar indices. Overall our procedure should be seen as a
two step approach: in the first step all available indices are used, because it is beforehand
unclear, which of them are most significantly detected in the TCWV data set. But by applying
our method to all indices, we can answer the question which indices are most significantly
detected.

In a further step we then apply the orthogonalisation to obtain a new set of indices without any
correlation amongst them.

To make our aims and the procedure more clear, we added the following information to the
section 3:
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'Many of these indices (describing the same phenomenon), but also many of the other
teleconnection indices are highly correlated. The strength of these correlations is presented in
Fig. 3 as a matrix with correlation coefficients between the different indices (after the seasonal
cycles were removed). In spite of the correlations amongst the teleconnection indices, we
decided as a first step to include them all in our study, because beforehand it is not clear
which index might be best suited to represent a teleconnection phenomenon. Using our
empirical approach, however, it becomes possible to quantify the significance and strength of
the different indices and thus to select the best suited index for a given teleconnection
phenomenon. Finally, we apply an orthogonalisation for the most significant indices (see
section 7) to minimise the effect of the correlations and to identify the dominant temporal
teleconnection patterns in our TCWV data set.’

In section 7 the explanation was extended to:

'To account for correlations between the different indices, we thus applied an
orthogonalisation approach. For the orthogonalisation (based on the Gram—Schmidt process),
all ,significant’ original indices and significant temporal derivatives (see Figure All) were
considered (in total 57 indices). The order of indices used in the iterative orthogonalisation
process was from highest to lowest p99 values. The result of the orthogonalisation approach is
a set of modified teleconnection indices, which shows zero correlation amongst each other (for
the considered time period). Thus this new set of orthogonalised indices can be used to
determine the number of independent significant teleconnection patterns in the global water
vapor data sets.’

and in section 8:
"The cumulative delta RMS map for the orthogonalised indices represents the overall
contribution of teleconnections to the variability of the global TCWV distribution.’

Reviewer comment:

4. In the fifth section, the manuscript uses the reversed indices but a clear explanation on the
reversed indices and its meaning is needed, e.g. what is the meaning of ‘reversed’. The
current presentation makes Fig. 7 hard to understand.

Author reply:

The description of the reversed indices was made more clear, see point A) above. In section
5.1 the following clarification was added:

"The basic idea of our new approach is to use non-geophysical indices for the estimation of the
significance level. Non-geophysical indices are indices without any temporal correlation with
the temporal variations of the investigated geophysical data sets. For that purpose we chose
all temporally reversed indices (see Table 2 and Fig. A6), because they cover all relevant
frequencies of the true teleconnections. In practice, the time axis is flipped, that means the first
entry (July 1995) will be assigned to the last month (October 2015), and so on.’

Reviewer comment:
5. Page 7, line 289-292: the results here are interesting. Could the authors provide more
physical or dynamical explanations behind these results?

Author reply:

We added the following information to section 6:

‘For the TCWV data sets, surface temperature and pressure, as well as most of the zonal
winds, the largest p99 values are found for indices similar to ENSO. For the TCWV data sets
and surface temperature, this can be expected, because the ENSO phenomenon is driven by
the surface temperature (over the tropical Pacific). Accordingly, also the TCWV data sets will
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be strongly affected, because the TCWV depends strongly on the temperature in the lowest
atmospheric layers. The strong influence of the ENSO phenomenon (BEST index) on the
zonal winds at most levels can probably be explained by the fact that large scale phenomena
like ENSO can have a strong influence on the quasi-persistent zonal flow patterns in the
tropics and sub-tropics. For the geopotential heights and meridional winds, the largest p99
values are found for the polar atmospheric indices (mostly AAO, but also SCA). For the
geopotential heights this might be expected because the polar atmospheric indices are
defined based on anomalies of the geopotential heights. Why also for the zonal winds, the
largest p99 values are found for the polar atmospheric indices is, however, is not clear to us.’

We added also a comparison of the maximum p99 values to section 6 (we also added a new
column to table 3). The respective text in section 6 is:

" Our new method for the determination of the significance level also allows a direct
comparison of the strengths at which the different indices are detected in the different data
sets. In Table 3 also the maximum p99 values of the delta RMS normalised by the
corresponding significance threshold values are shown. The highest normalised p99 values
are found for the geopotential heights (except the 50hPa level) and the surface pressure. This
finding is consistent with the fact that these quantities are used in most teleconnection studies
and many indices are even defined using these quantities. The lowest normalised p99 values
are found for zonal winds, for which also the smallest numbers of significant indices are
obtained. Intermediate values are found for the water vapor data sets.’

Minor comments:

Reviewer comment:
1. Page 3, line 116-117: Could the authors add more descriptions for Fig. 2?

Author reply:

The following information was added:

'Similar patterns are found in all three data sets indicating the good consistency amongst
them. The highest values are found over the tropics, especially over the west Pacific. Lower
values are found towards higher latitudes showing the strong dependence of the TCWV on
temperature.’

Reviewer comment:
2. Page 3, line 125: | suggest removing Figs. A1 and A2.

Author reply:
Both figures were removed as suggested.

Reviewer comment:

3. Page 4, line 138: The manuscript used the word ‘fit' here, but the introduction of the fit
function is shown in the next section. Moving the description of the fit function here might
improve the clarity. Section 3 and 4 should be organized in a logical flow.

Author reply:
We reorganised sections 3 and 4 accordingly.

Reviewer comment:
4. Page 5, line 174: Could the authors clarify the meaning of a larger or lower value of delta
RMS (eq. 3)?
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Author reply:

After equation 3 the following information is added:

'The delta RMS is a measure for the magnitude of the variance of a considered data set,
which can be explained by the chosen teleconnection pattern. If there is high similarity of the
temporal variation of an index with the temporal variation of the considered data set, the delta
RMS values for both fits is large. If there is no similarity, the corresponding delta RMS value is
zero.’

Also the following information is added:

‘It should be noted that instead of the delta RMS values, also the correlation coefficients
between the considered data set and the fit function (eq. 1) might have been used since the
spatial patterns of both quantities are very similar (see Fig. A8).’

New Fig. A8:

delta RMS for ENSO r2 for ENSO

0.000 0.002  0.004 0.006 0008 0010 0.012 0014 0.00 0.02 0.04 0.06 0.08 0.10

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

Reviewer comment:
5. Table 2 and Figure 5 captions.

Author reply:
Corrected, many thanks!

3) Replies to the comments of reviewer #2

Recommendation:

General comments: The authors are attempting to show how total column water vapor
(TCWV) can be used to reveal the presence of atmospheric teleconnections seen in other
datasets. This method is certainly interesting and could be of value, at least in the context of
demonstrating the utility of TCWV in revealing existing teleconnections. However, the
presentation in this paper was extremely difficult to follow as the authors jumped from one
analysis to another with no clear direction as to why. There were many different technical
approaches employed within this study, and while these likely have value in the context of
what the authors’ research goals are, the reasons for using the methods they employ were not
well established.

Author reply:
10
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We are thankful for this feedback and agree that our paper was partly difficult to read. We
applied major restructuring and added missing information, see points B and D) above.

Reviewer comment:

Further, the authors state early in the study that they are going to compare the results with
similar results from pressure, temperature, etc. fields more traditionally utilized in
teleconnection studies. | did not see these comparisons.

Author reply:

It seems that here was a misunderstanding. The comparison to other data sets was one of the
main aims of our study. The comparison results are shown and dicussed in section 6. We
added more explanations for the findings of the comparisons to this section:

'For the TCWV data sets, surface temperature and pressure, as well as most of the zonal
winds, the largest p99 values are found for indices similar to ENSO. For the TCWV data sets
and surface temperature, this can be expected, because the ENSO phenomenon is driven by
the surface temperature (over the tropical Pacific). Accordingly, also the TCWV data sets will
be strongly affected, because the TCWV depends strongly on the temperature in the lowest
atmospheric layers. The strong influence of the ENSO phenomenon (BEST index) on the
zonal winds at most levels can probably be explained by the fact that large scale phenomena
like ENSO can have a strong influence on the quasi-persistent zonal flow patterns in the
tropics and sub-tropics. For the geopotential heights and meridional winds, the largest p99
values are found for the polar atmospheric indices (mostly AAO, but also SCA). For the
geopotential heights this might be expected because the polar atmospheric indices are
defined based on anomalies of the geopotential heights. Why also for the zonal winds, the
largest p99 values are found for the polar atmospheric indices is, however, is not clear to us.’

We added also a comparison of the maximum p99 values to section 6 (we also added a new
column to table 3). The respective text in section 6 is:

'Our new method for the determination of the significance level also allows a direct
comparison of the strengths at which the different indices are detected in the different data
sets. In Table 3 also the maximum p99 values of the delta RMS normalised by the
corresponding significance threshold values are shown. The highest normalised p99 values
are found for the geopotential heights (except the 50hPa level) and the surface pressure. This
finding is consistent with the fact that these quantities are used in most teleconnection studies
and many indices are even defined using these quantities. The lowest normalised p99 values
are found for zonal winds, for which also the smallest numbers of significant indices are
obtained. Intermediate values are found for the water vapor data sets.’

Reviewer comment:

In general, the authors focused too heavily on the significance of the relationship between
their empirical estimates of the TCWV using the teleconnection index and the TCWV itself. It
read more like a study attempting to predict monthly TCWV using teleconnections, not a study
linking TCWV to teleconnections. Either the study should be reframed in that context or the
authors need to do a better job of linking their results back to the teleconnections they are
trying to predict.

Which teleconnections were predicted well? Which were predicted poorly? Why? Such
discussion was absent from this study and seems directly relevant to the research objectives
outlined therein.

Author reply:

We are sorry that we gave the wrong impression here. As mentioned in point B) above, our
aim was not to investigate the influence of teleconnection on the TCMV or to predict monthly
TCWV using teleconnections. As described in point B) above, this was made more clear in
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many parts of the manuscript. In the introduction we modified the respective sentence (Page
2, line 66-67) to:

JIn this study we investigate to which extent the temporal patterns of various teleconnections
can be identified in the global distribution of the total column water vapor (TCWV).’

Specific comments:

Reviewer comment:

Most of the work done in PCA-based teleconnection studies in pressure/geopotential height is
confined to midlatitude and Arctic regions in the Northern Hemisphere owing to the barotropic
conditions in the tropical latitudes. This should be better specified by the authors.

Author reply:
This information was added to the introduction.

Reviewer comment:

If multiple indices characterizing the same phenomena exist (e.g. MJO, ENSO), why include
them all? How do you reconcile the differences in how those indices are characterizing their
teleconnection and relate those differences back to your results? (Lines 135-137).

Author reply:

The same aspect was also mentioned by the other reviewer, and we tried to make our
motivation and strategy more clear in the revised manuscript:

Overall our procedure should be seen as a two step approach: in the first step all available
indices are used, because it is beforehand unclear, which of them are most significantly
detected in the TCWYV data set. But by applying our method to all indices, we can answer the
guestion which indices are most signifcantly detected.

In a further step we then apply the orthogonalisation to obtain a new set of indices without any
correlation amongst them.

To make our aims and the procedure more clear, we added the following information to the
section 3:

'Many of these indices (describing the same phenomenon), but also many of the other
teleconnection indices are highly correlated. The strength of these correlations is presented in
Fig. 3 as a matrix with correlation coefficients between the different indices (after the seasonal
cycles were removed). In spite of the correlations amongst the teleconnection indices, we
decided as a first step to include them all in our study, because beforehand it is not clear
which index might be best suited to represent a teleconnection phenomenon. Using our
empirical approach, however, it becomes possible to quantify the significance and strength of
the different indices and thus to select the best suited index for a given teleconnection
phenomenon. Finally, we apply an orthogonalisation for the most significant indices (see
section 7) to minimise the effect of the correlations and to identify the dominant temporal
teleconnection patterns in our TCWV data set.’

In section 7 the explanation was extended to:

'To account for correlations between the different indices, we thus applied an
orthogonalisation approach. For the orthogonalisation (based on the Gram—Schmidt process),
all ,significant’ original indices and significant temporal derivatives (see Figure All) were
considered (in total 57 indices). The order of indices used in the iterative orthogonalisation
process was from highest to lowest p99 values. The result of the orthogonalisation approach is
a set of modified teleconnection indices, which shows zero correlation amongst each other (for
the considered time period). Thus this new set of orthogonalised indices can be used to
determine the number of independent significant teleconnection patterns in the global water
vapor data sets.’
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and in section 8:
,The cumulative delta RMS map for the orthogonalised indices represents the overall
contribution of teleconnections to the variability of the global TCWV distribution.’

Reviewer comment:
In the fit functions, how were the quantities ¢ and b determined? Were they based on a fit with
the satellite data, the ERA, etc.? Nothing is provided in the text in this regard.

Author reply:
We checked the explanation of the quantities used in the fit function and added some more
explanation. The definition of the involved quantities should now be more clear.

Reviewer comment:

The authors discuss the use of “reversed datasets” in section 5.1. However, they provide no
discussion of what was reversed. Was it just the teleconnection time series? Was it the TCWV
time series? Were they reversed in time? Did you just reverse the index numbers directly, as
is done frequently in pattern recognition and database type work? | don't see why, if the
reverse was temporal, why the correlations didn’'t simply change sign but remain the same
magnitude. The authors need to provide a lot more explanation on this aspect of their study as
they do not really describe it in much detail. Why did you do this?

Author reply:

Obviously our explanation of the details was not sufficient here. We added more explanations
here, see also point A) above.

And in section 5.1 the following clarification was added:

"...Information about the significance of the fit results can be obtained from the fit function
itself. However, in practice, the significance information from the fit has several limitations:

a) The determination of the significance is based on several assumptions about the data sets,
e.g. that all data points of the time series have the same uncertainties and follow a normal
distribution. However, the errors of the individual data points can be very different, e.g. the
effect of clouds on the errors of the satellite TCWYV data set can be very different for different
seasons and regions. Also, the uncertainties are not only random but contain also systematic
contributions. It is difficult (if not impossible) to quantify the uncertainties of the involved time
series.

b) The determination of the significance is based on prescribed significance levels. The choice
of such a significance level is arbitrary and the obtained significance information depends on
this choice.

c) In several tests we fitted artificial time series to the TCWV data set. These tests showed
that even for such non-geophysical time series ‘significant’ fit results can be obtained (see the
examples in Fig. 6). On the left side of this figure, fit results for a time series containing only
white noise, and on the right side fit results for a temporally reversed teleconnection index are
shown (the temporally reversed index is obtained from the original index by mirroring the time
axis). The blue and red areas show fit coefficients for both time series, which are classified as
significant by the fit.

Based on these findings, we conclude the use of the significance of the detection of an index
derived from the fit itself is not straight-forward.

To address these difficulties, we developed and applied an empirical approach to determine
threshold values for the delta RMS values to decide whether an index is significantly detected

13



610

615

620

625

630

635

640

645

in a global data set. The new procedure is described in the next section. It has the following
two main advantages:

-the threshold values are determined empirically. Thus no assumptions on the properties of
the time series or the significance levels have to be made.

- the method provides a clear procedure and in particular a metric which can be applied in a
consistent way to different data sets and thus allows a quantitative comparison (see section
6).’

We also added information how the delta RMS values compare to the r2 values at the end of
section 5.1 (see also new Fig. A8):

‘It should be noted that instead of the delta RMS values, also the correlation coefficients
between the considered data set and the fit function (eq. 1) might have been used since the
spatial patterns of both quantities are very similar (see Fig. A8).’

New Fig. A8:

delta RMS forENSO r2 for ENSO

0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014

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

Reviewer comment:
In section 8 the authors state they “orthogonalized” their indices. What method was used to do
this? Why did they do this?

Author reply:

To better explain why we applied the orthogonalisation, we modifed and extended the
information given in section 7. We also added the information of the orthogonalisation
technique:

'To account for correlations between the different indices, we thus applied an
orthogonalisation approach. For the orthogonalisation (based on the Gram—Schmidt process),
all ,significant’ original indices and significant temporal derivatives (see Figure All) were
considered (in total 57 indices). The order of indices used in the iterative orthogonalisation
process was from highest to lowest p99 values. The result of the orthogonalisation approach is
a set of modified teleconnection indices, which shows zero correlation amongst each other (for
the considered time period). Thus this new set of orthogonalised indices can be used to
determine the number of independent significant teleconnection patterns in the global water
vapor data sets. We applied our new method to the new set of orthogonalised indices to test
which of the modified indices have p99 values above the significance threshold.’
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Technical corrections:

Reviewer comment:
The e.g. on line 51 can be removed.

Author reply:
Deleted

Reviewer comment:
What is a “time series like index"? (Line 78)

Author reply:
We replaced like’ by ,such as’ to make the meaning more clear.

Reviewer comment:

In Figures Al and A2, are the times over which these averages were computed the same
1995-2015 time period? The ERA have a longer period of record so it would be good to
specify this.

Author reply:
Both figures were deleted as suggested by the other reviewer.

Reviewer comment:
It is not clear why Figure A3 is included in the text. There are too many time series and their
individual value in the study is not clear.

Author reply:

This figure was included for two reasons:

a) to add information about the sources of the different indices

b) to show the temporal patterns for the considered time period. This information is interesting
for two reasons. First, the ,frequency’ of an index can be directly recognised. Second,
similarities in the temporal patterns can be easily seen.

For these reasons we decided to keep this figure in the manuscript.

Reviewer comment:

Figure A4 is almost impossible to read. There should be a compelling reason why this figure is
included in the text as it includes well over 200 maps. The authors should choose which of
those figures best illustrate their point and include those instead of including them all.

Author reply:

We agree that there are too many sub figures. And we want to apologise for the rather bad
quality. In the revised manuscript we reduced the number of sub figures by a factor of 3 and
improved the quality of the figure. We would like to keep this figure, because the global maps
reveal many details of the spatial patterns found for the individual indices. It might be
interesting for future studies to compare these patterns to similar results of their own analyses.
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4) Revised paper with highlighted changes

Identification of atmospheric and oceanic teleconration patterns in
a 20-year global data set of the atmospheric wateapor column
measured from satellites in theced-visible spectral range

Thomas Wagnérand Steffen Beirfe Steffen Dérnér Christian Borget Roeland Van Malderén
!Satellite Remote Sensing Group, Max Planck Ingtifat Chemistry, Mainz, Germany
2KMI — IRM, Royal Meteorological Institute of Belgin, Brussels, Belgium

Correspondence td’homas Wagner (thomas.wagner@mpic.de)

Abstract. We used a global long-term (1995-2015) data sebtafl column water vapor (TCVW) derived from satell

observations to quantifyp which extent the temporal patterns-the-influeofceariousteleconnectionsan be identified in

this data setTo our knowledge, such a comprehensive global VQ¥&ta set was rarely used for teleconnection studi
One important property of the TCWV data set is thi purely based on observational data. We dgerl a new empirical
method to decide whether a teleconnection indesigisificantly detected in the global data set. Base this method more
than 40 teleconnection indices were significaneyedted in the global TCWV data set derived frotelite observations.
In addition to the satellite data vegso applied our metho : } i enbadl
other global data sets derived fr&fRA-InterimECMWEreanalysis(ERADNe important finding is that thesults spatial
patternsobtained for the ERA TCWV data are very similathie observational TCWYV data set indicating a highsistency

between the satellite and ERA data. Moreover, simésults are also found for two selections of Ed&#a (either all data
or mainly clear sky data). This finding indicatesttthe clear-sky bias of the satellite data seeligible for the results of
this study.However, for some indices, also systematic diffeesnn the spatial patterns between the satefiilenaodel data

set were found probably indicating possible shortiogs in the model daté&or most ‘traditional’ teleconnection data sets

(surface temperature, surface pressure, geopdtaetghts and meridional winds at different altiés)l a smaller number of
significant teleconnection indices was found thanthe TCWV data sets, while for zonal winds afatiént altitudes, the

number of significant teleconnection indices (up-8®) was higherThe strongest teleconnection signals were fourttien

data sets of tropospheric _geopotential heights sunfiace pressurdn all global data sets, no ‘other indices’ (solar
variability, stratospheric AOD or hurricane freqaghwere significantly detected. Since many telemmion indices are
strongly correlated, we also applied our method set of orthogonalised indiceshich represent the dominant independent

temporal teleconnection patternkhe number of significantly detected orthogoreisndices (20) was found to be much

smaller than for the original indices (42). Basedtloe orthogonalised indices we derived the glahaltialdistribution of
the cumulativeirfluenee- effectof teleconnectios-indices The strongesinfluence effecton the TCWV is found in the
tropics and high latitudes.

1 Introduction

It has been known for a long time that weathemeat location can be linked to weather at a far dtsiacation (Walker and
Bliss, 1932; Bjerknes, 1966, 1969; Wallace and @utA981; Nigam and Baxter, 2015; Feldstein arehtzke, 2017 and
references therein). The distances between suctiidos can be very large, up to opposite locatiomghe 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 oscillat{&@NSO) phenomenon (Walker and Bliss, 1932; Bjeskr1966, 1969),
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but many more teleconnection are known, which amated in many regions on both hemispheres (elgstegn and
Frantzke, 2017 and references therein).

The temporal variability of teleconnections is usudescribed by teleconnection indices (e.g. tgrof surface pressures
at selected stations) and covers a wide rangeeqguéncies from a few days to inter-annual and -désadal time scales
(Hurrel, 1995; Feldstein, 2000; Nigam and Baxtéd1® Woolings et al., 2015; Feldstein et al., 201Amospheric
teleconnections (like e.g. the North Atlantic Oltibn, NAO) have typically higher intrinsic frequees than oceanic
teleconnection indices (like e.g. the Atlantic Migohal 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 Frantzke/7p0h recent studies, the geopotential heighhésrhost useduantity
variablefor the quantification of teleconnections. Telecections are mainly found in the troposphere wita strongest
amplitudes in the upper troposphere (FeldsteinDRBut several teleconnections have also connextio the stratosphere
(Feldstein, 2000 and references therein; Nigam Baxder, 2015; Feldstein and Frantzke, 2017; Domegteal., 2019).
Teleconnections can be identified and defined ffedint ways: historically, teleconnection indiogere empirically and
intuitively determined based-g-on the locations of meteorological stations (e.@lk&r and Bliss, 1932). In later studies
more objective methods were developed based oelation matrices, principle component analyses (P@5so referred to
as empirical orthogonal function (EOF) methodsyatated PCA (also referred to as varimax rotatidmyre details about
these and further methods can be found in HoreB8X)}9Wallace and Gutzler (1981), Barnston and Léye£1987),
Thompson and Wallace (1998), Feldstein and Franf2R&7) and references therein. If these methodsapplied, the

derived teleconnections time series and spatigkmeat particularly depend on the selected regiorhef globe —(e-g.

. Most of such studies use pressugeopotential heights

and are confined to midlatitude and Arctic regiamshe Northern Hemisphere because of the baratropnditions in the

tropical latitudes—UsuallyThus usuglihese methods are not applied for the full globe.

Besides the fact that teleconnections are intergsti themselves, their study is also importantdtirer 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 teriasecosystems (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 investigateo which extent the temporal patterns of variougscennections can be identified in-the
influence-ef-various-teleconnectionsthe global distribution of the total column waterpor (TCWV). For that purpose we
use a consistent long term data set (1995 — 20arb)edi from satellite observations in thest visiblespectral range obtained
from GOME on ERS-2, SCIAMACHY on ENVISAT and GOMEeh MEFOPR- MeTop(Beirle et al., 2018). The data sets
consiss of monthly mean values on a 1° x 1° latitude/londé grid, which were carefully merged making uk¢he long

overlap time between the different satellite da&tis ¢for details see Beirle et al., 2018). Validatby independent data sets
showed a smooth temporal variation with a stabiiighin 1% over the whole period (1995-2016) (D#&Eek and
Schréder, 2017). To our knowledge, teleconnectiadiss using water vapor data sets are rare (exy.Malderen et al.,
2018). One particular speciyl / advantage of our study is that we use forfitst time a global dataetwhich is entirely
based on measurements. Here it is important to thattethe TCWV is dominated by the atmospheric fay#ose to the
surface. Another important aspect of our studyhie tevelopment of a new empirical method to decithether a

teleconnection (index) can be significantly ideetifin an atmospheric data set or not.
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Our study addresses the following main questions:
a) Which teleconnection index (and other time sddie-such adndices of solar activity) can be significantly miied in

the satellite TCWV data set (or other data set®2 it should be noted that we do not aim to ifigrausal relationships or

even to predict the TCWYV based on teleconnectidices.

b) Are the same results obtained for TCWV data fiamservations and models? Here also the questiaddeessed how
representative the satellite observations (for ipaitear sky) are for all sky data setsnother important aspect is to

compare the spatial patterns obtained for the miffieteleconnections between the satellite and dde sets. Such

differences can give hints on possible shortcomafdee model simulations or measurements.

c) How does the number of significant teleconnerdim 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?rom this comparison we can conclude whether talva) TCWYV data set is suited for teleconnection

studies. One advantage of the use of this TCWV skités that it is exclusively derived from measoeets.
d) What is the spatial distribution gfe-influence-oteleconnection patterrisund inenthe global TCWV distribution®ne

motivation for this question is that the differéateconnections have specific drivers (e.q. trdpiocmvection). Thus the

obtained spatial distributions can give hints omhderlying mechanisms.

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. Sectiorresgnts the fit function of the indices to the glodata sets and the
obtained global patterns. In section 5 a new metbothe determination of the significance is imtnged, which is applied
to the different global data sets in section 6séntion 7 a reduced set of orthogonalised teleatimmeindices is extracted
and. Section 8 presents the global distributiothefcumulativerfluence effecof the teleconnectignindices

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 red specarade. Since

these satellite instruments observe scattered effetied sun light, the observations are sensftivéhe whole atmospheric

column including the surface-near layers which llgwantain the largest fraction of the total atmbsric TCWV.The start

date of the time series was predetermined by #ré st the first satellite mission; the end datdh# time series was set to
October 2015, because some of the used time seeiesonly 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 light.

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 TCWV data set,re&® both lower panels present the absolute aativelanomalies with
the mean seasonal cycle removed. Several anomtbrmare clearly obvious, which are mainly relati® strong ENSO

events(see e.g. Soden, 2000; Simpson et al., 2001; Wasjral., 2005) Especially for the relative anomalies, many high

frequency variations are found. While part of thbggh 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\WZ we also use global time series of the TCWV dedifrom ECMWF

reanalysis (ERA Interim, Dee et al., 2011). Hereuse two data sets:
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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 isroeghas cloud free.
This criterion reflects the observational condit@f the satellite data set.

Both data sets have a temporal resolution of 6hth& comparison with the satellite TCWV resulteyr-BoththeERA data
setsthe FEWA~waswertemporally interpolated to the time of the satelbverpass (10:00 LT). From the comparison of
the results for the measurements and model daatketeffect of the specific sampling of the didéebbservations (which

represent only clear sky observations) can be tigaed. In Fig. 2 the global mean distributionstitoé TCWV data sets
from satellite observations and ERA data are shdwmilar patterns are found in all three data gstiécating the good

consistency amongst them. The highest values arafover the tropics, especially over the westfiRatiower values are

found towards higher latitudes showing the stroegeshdence 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 differefiitiades. In this study we also consider such qgtiasf which we also
obtained from ERA data (see Table 1). We analyssetdata sets similarly to the TCWV data sets {[detee described
below). In this way we will assess in how far thmapact of teleconnections on TCWV is comparable realitional
teleconnection data sets-Fi i i estributi

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 additiomad series (e.g. of the solar activity) is givenTiable 2. Although welo
not only focus on teleconnection indices in thisdgt in the following we use the term ‘index’ tosgeibe 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 spieric phenomena.

Many of these indices (describing the same phenomerbut also many of the other teleconnectiondesliare highly

correlated. The strength of these correlationsrésgnted in Fig. 3 as a matrix with correlationfficients between the

different indices (after the seasonal cycles weneaved). In spite of the correlations amongst éecbnnection indices, we

decided as a first step to include them all instudy, because beforehand it is not clear whickxndight be best suited to

represent_a teleconnection phenomenon. Using owirieal approach, however, it becomes possible uantify the

significance and strength of the different indicasd thus to select the best suited index for angitedeconnection

phenomenon. Finally, we apply an orthogonalisatasrthe most significant indices (see section 7iniaimise the effect of

the correlations and to identify the dominant temabteleconnection patterns in our TCWV data set.

A meoredetailed overview on the selected indices and thedia sources is provided in Fig3-A6 in the appendix.
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4 Analysis of global data sets

To determine the strength with which individual ites are detected in the temporal variations ofdifferent global data

sets, thendex time serieswre fitted to the global data sets described in section 4.1 belddefore the fit is applied, the

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

teleconnection indices are characterised by stseagonal cycles, whereas others are not. Finalphtained anomalies are

normalised by the corresponding standard deviatibhs ensures that the obtained fit coefficiemtsthe different indices

can be directly compared. The different steps e¢hpreparations are illustrated in Fig. A7. Forsistency, 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 set&he example below is for the TCWW)e de-seasonalised

time series of the monthly mean anomatéd

following function:

TCWV/(t) =c 4t + f, sindex (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 TEW
anomaly of the chosen 1° x 1° pixélhe constant offset b and possible linear trenchd #e fit coefficientfi _are

simultaneously determined by the fit. An exampléhaf derived fit coefficient for the ENSO indexsisown in Fig. 4 (top).

Systematic patterns with positive and negativec@iefficients are foundThe fit function is separately applied to the

individual indices listed in Table 2. Here it shablde 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 fihétion. Besides the
parameters c, b, and the fit coefficiéntalso the difference between the temporal varnatibthe global data sets and the
appliedfit function is quantified by the root mean squéR#MS). The RMS for the ENSO index is shown in Fig. 4 (seto
row).

In order to quantify the importance of a seledtetbx, tr-addition-to-the-fit function-deseribedaguation-1a second fit is

performed with only the constant and linear terms:

JowMt)=c+bt @ (

The comparison of the RMS with and without incluglithe index ternjegs. 1 and 2allows to quantify the importance of

RMS,inoutindex - RMSini
de|ta RMS: &vnhoutlndex $V|th index (3)

meanof dataseflatitude)
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The RMS differences are divided by the zonal mealnes (see appendix 1) of the considered guantégabse (like for

water vapor) many of the analysed guantities degémahgly on latitude. The delta RMS is a measordlie 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 temgd variation of the considered data set, theadelS values for both

fits is large. If there is no similarity, the casponding delta RMS value is zero—TFhis-RMS-diffeesnis-then-divided-by-the

_ RMSvithoutindex- RIvl%vith index
meanof dataseflatitude)

Jt should be noted that instead of the delta RMiBes also the correlation coefficients betweencitresidered data set and. -

the fit function (eq. 1) might have been used stheespatial patterns of both quantities are vanjlar (see Fig. A8).

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

The fit results ih Fig. 54 fitresultsfor the ENSO index arshewn—derivedobtainefor the TCWV from satellite

observations (left), ERA data (center), and ERAdat clear sky conditions (right}—Fheresultsfor-the-otherdatasets will
e-discussed-in-section-6-The-top-panelin-Fghdws-the fit coefficients for the ENSO-indétigh fit coefficients(Fig. 4

top) mean that substantiapart of the measured TCWYV time series can be expthby the ENSO index pattern. High

negative fit coefficients mean the same for theatigg ENSO index. Fit coefficients of zero indicate connection to

ENSO. Very similar spatial patterns are found fer three TCWV data sets indicating that the ENS@npmenon is well
captured in the satellite and model data sets. Ehensimilarity between the model data includirigsky conditions (center)
or only clear sky conditions (right) it can be chmed that the satellite observations (representivanly clear sky

conditions) are representative for all sky condisi¢gno obvious clear sky bias).

itude

. 4, second

row) are found close to the equator. This is an intergdinding, but can probably be explained by & thther high TCWV
and b) its rather small variability in these regioin mid-latitudes, systematically higher RMS &vend for the satellite
observations compared to the model results. Thirabably related to the rather large effects oiuds on the satellite
observations, which becomes especially importanthse regions (clouds lead to less valid obsemsatiand larger
measurement uncertainties). Another interestindifiip is that in polar regions the RMS for the dag&elbbservations is
smaller than for the model results. This findingisbably related to the sparseness of water vapasurements in these
regions assimilated in the ECMWF model. Thus tretisgemporal variability of the satellite obseiwat is probably more
realistic than that of the model data. The RMSthar model results for clear sky conditions is dlighigher than for the
model results for all conditions, which is to bepested because of the reduced number of data blailar the cloud-
filtered data set.

The lower panel of Figs-4 shows the delta RMS for the ENSO index indicating teduction of the RMS if the ENSO
index is included in the fit. As expected, the &Bgdelta RMS is found over the tropical Pacifihyene the ENSO
phenomenon is most pronounced. The global distabutf the delta RMS is very similar for the thréata sets. The fit
coefficients and delta RMS for three other seledtetices are shown in Fig-5 for the TCWV data set from satellite
observations. For all indices, specific activitynt@s can be found in different parts of the globlee fit coefficientsand
delta—RMsSfor all indices are presented in the appendix (FigA9). Note thatin generalvery similar spatial patterns are
found for the three TCWV data setsut in some cases also systematic differencederieed (for more details see section

6.1). As expected, for groups of indices with stronggenal correlation also similar spatial patterns faxend. This is most
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obvious for indices similar to the ENSO index (figsoup of indices in Figures A6 and A8). Similgatial patterns are also
found for other pairs of indices, e.g. betweenHiasvaiian Index (HAW) and the Pacific Decadal Ostitin (PDO) as well
as between the South Tropical Atlantic index (S@Ad the Equatorial Atlantic Index (EA_errst).

5 Determination of significance

For most teleconnection indicepatially coherent patterns-clear-spatial-pattefrfit coefficients and delta RMS values are
found in the global maps (see Fig4A9) indicating that these indices are significantgtetted in the global water vapor

data setsThese spatial patterns agree also well to the kn@gions where the corresponding teleconnectioesaetive.

Information about the significance of the fit rdsutan be obtained from the fit function itself. w#ver, in practice, the

significance information from the fit has seveialitations:

a) The determination of the significance is basedseveral assumptions about the data sets, etcalttdata points of the

time series have the same uncertainties and fallawermal distribution. However, the errors of thdividual data points

can be very different, e.qg. the effect of cloudstomerrors of the satellite TCWV data set can dxy different for different

seasons and regions. Also, the uncertainties @remg random but contain also systematic contidng. It is difficult (if

not impossible) to quantify the uncertainties @& thvolved time series.

b) The determination of the significance is basegi@scribed significance levels. The choice ohsaisignificance level is

arbitrary and the obtained significance informatitpends on this choice.

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

geophysical time series ‘significant’ fit resul@ncbe obtained (see the examples in Fig. 6). Otfetheide of this figure, fit

results for a time series containing only whiteseoiand on the right side fit results for a temlhpraversed teleconnection

index are shown (the temporally reversed inde)btgsioed 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.
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Based on these findings, we conclude the use dfigmficance of the detection of an index deriviein the fit itself is not

straight-forward.
To address these difficultie

To-address-these-difficultiewe developedind appliedan empirical approach to determine threshold vafoeshe delta

RMS values to decide whether an index is signifigadetected in a global data set. The new proaedidescribed in the

next section. It has the following two main advaetst

-the threshold values are determined empiricalhusino assumptions on the properties of the timesser the significance

levels have to be made.

thatit the methogbrovides a clear procedure and in particular aimathich can be applied in a consistent way to different
data sets and thadlows a quantitative comparistretween-different-data-s€gee section 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 temipcoarelation with the temporal variations of tlweéstigated geophysical

data sets. For that purpose we chose all temporallgrsed indices (see Table 2 and Fig. A6), becalsy cover all

relevant frequencies of the true teleconnectiomgréactice, the time axis is flipped-Ourapprofmhthe-estimation-ef-the
sqgmﬁeanee%vel—is—based—en—the—use—ef—revemmes— that means the first entry (July 1995) Wd assigned to the last
month (October 2015), and so en-

first step, we calculate the 99th percentile ofdeéa RMS values of the reversed indices for ak 1° pixels of the global

map. We chose the 9%ercentile because it is close to the maximum,stilitnot affected by individual outliers. The red

data points in Fig. 7 presents the 99th percen(i@8) for all reversed indices for the three TC\Wafa sets. From the mean

value and standard deviation of the results foteatiporally reversed indices, we calculate a ttokeklalue (black dotted

line in Fig. 7) for each data set (for details appendix A2). The obtained threshold value for TNV data set from

satellite observations is 0.0031. We also appliedsame method to a set of artificial random tierées and obtained a very

similar threshold value of 0.0033 confirming thié tthreshold value obtained from the temporallyersed time series is

reasonable.

If the p99 values are above the threshold, itkislyi that the considered index S|gn|f|cantly cdmtities to the variability of

the considered data s&td vice versa

In Fig. 7 besides the p99 values for theginal-temporally reverseimdices pluered, also those for theeversed original
indices are showrrgdblug. For many of the original indices;-ti€ p99 value$erthereversed-indiceare muchsmaller

larger than mest—ef—the—en@nal—mmeesthe threshold valueigating that these indices are significantly deddcin the

respective data s
. : . . Lk ) ) .
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In addition to the use of the absolute thresholthefdelta RMS values for the determination of giggnce, we also made

use of the effect of time shifts applied to theiwdlal indices. The underlying idea is that thdtaldRMS values should

decrease if the original indices are de-synchreohiset 1 month. The details of this approach are desgribeppendix A3.

Using this additional criterion, a few more indica® added to the number of significantly detet¢édeiconnection indices.

For the TCWV data set from satellite observatidhe, number of significantly detected indices insemafrom 40 to 42, for
the ERA TCWYV data set from 43 to 44, and for theAEdRita set for clear sky conditions from 39 to 42.

6 Comparison of therumber-significantindices-resultsfor the different global data sets

A rather high number of significant indices wasritiiged in the global TCWV data sets. To put thisding into a broader
perspective, we applied the same procedure alsther global data sets, which are usually consiléneteleconnection
studies (see Table 1). The corresponding p99 vadfiethe different indices (including also the resedt indices) are
presented in Figh9A10. In general similar results as for the TCWV datts sare found. In particular, for all data setargé

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 sétsr the TCWV data
sets, surface temperature and pressure, as walbsisof the zonal winds, the largest p99 valuedared for indices similar
to ENSO. For the TCWV data sets and surface tertyrerahis can be expected, because the ENSO plegrmonis driven

by the surface temperature (over the tropical Racifccordingly, also the TCWV data sets will beosigly affected,

because the TCWYV depends strongly on the temperatuhe lowest atmospheric layers. The strongierfte of the ENSO
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phenomenon (BEST index) on the zonal winds at neatls can probably be explained by the fact tlaagd scale

phenomena like ENSO can have a strong influendb@muasi-persistent zonal flow patterns in thpit® and sub-tropics.

For the geopotential heights and meridional wirtkis,largest p99 values are found for the polar apheric indices (mostly

AAOQ, but also SCA). For the geopotential heighis thight be expected because the polar atmospinglices are defined

based on anomalies of the geopotential heights. ¥ty 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 &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 thCWV data sets. For geopotential heights anddioeral winds, less
significant indices are found (and even less tlwrttfe TCWV data sets). For geopotential heightstrsmnificant indices
are found in the upper troposphere, while for thexidional winds no clear altitude dependence ieplesl. Also for the
surface temperature and surface pressure rathendombers (less than for the TCWV data sets) ofiogmt indices are
found. From these results we conclude that theagl®diCWV data sets are well suited for teleconnecstudies.Here it

should again be noted that the satellite TCWV dstaxclusively determined from measuremensts, &aedTiICWV is

dominated by the layers close to the surface. Thudindings indicate that also indices which aseially detected in the

middle and upper troposphere can be significargtected in data sets which are dominated by theréwwposphere.

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 differentadsts. In Table 3 also the maximum p99 valuekefielta RMS normalised

by the corresponding significance threshold valaes shown. The highest normalised p99 values amadfdor the

geopotential heights (except the 50hPa level) &edsurface pressure. This finding is consistenh whe 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 significamti¢es 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 sinsiaatial patterns are found in the TCWV data sebtained from satellite

or ECMWEF data (see Fig. A9). This confirms both thigh quality of the satellite measurements and ehg@nulations.

However, for some indices, also substantial difieess are found (see Fig. 8). The most obviousréifiges are found over

northern Africa. In principle, they could be caudsderrors of both the satellite or model data.sdswever, since very

good agreement over northern Africa is found forsmof the indices, we can very probably excludetesyatic

measurement biases (like e.q. effects from the bigiface albedo over the Sahara). Thus we concdhatethe observed

differences probably indicate deficiencies in thedel simulations, possibly related to the sparsewé®bservational data

over northern Africa used in the model. It is ieing to note that the differences are found fothboceanic and

atmospheric indices which have rather differengifiencies. These comparison results might help fwawe the model

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

7 Berivatives-and-orthogenalised-indicesOrthogonalig#on of indices
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It was shown in Fig4-3that many indices are strongly correlated. Thusninabers of ,significant indices’ obtained in the

previous chapters are not useful to represent tmeber of independent significant indic8®_account for correlations

between the different indices, we thus applied nogonalisation approach. For the orthogonalisatimsed on the Gram—

Schmidt process), all ,significant’ original indie@nd significant temporal derivatives (see Fighité) were considered (in

total 57 indices). The order of indices used initeetive orthogonalisation process was from hgglte lowest p99 values.

The result of the orthogonalisation approach issaa modified teleconnection indices, which shaxgso correlation

amongst each other (for the considered time peribai)s this new set of orthogonalised indices camsed to determine

the number of independent significant teleconnecpatterns in the global water vapor data sets.aMgied our new

method to the new set of orthogonalised indicasgbwhich of the modified indices have p99 valaksve the significance

threshold. As expected, this number

-the-number-of significant-indieq0) is-was found to benuch smaller than for the original indices (40) fawning that
many teleconnection indices are indeed highly dated and related to the same phenomevaalso found that

-the difference between the highest p99 value (fier ®NI index) and subsequent p99 values is mugelahan for the
original indices. This finding indicates that themporal pattern of the ENSO phenomenon is containednany
teleconnection indicesee also Fig. 3)

The delta RMS maps for the significant orthogorealindices (together with the delta RMS maps foresponding original

indices) are presented in FigL0A12. Only-one-tem poral-derivative {of OND-was foundsmsignificant.
8 Global distributions

The delta RMS maps derived for the individual irdishow characteristic patterns which indicate fctv regions of the
globe the selected index is important or-geste-Fig—A4) In order to assess the global distribution ofgkeaeral importance
of teleconnections, we added the delta RMS magsl siignificant indicedo-the-figure Maps The corresponding maps

the derived cumulative delta RMS distributions aresented in Fig. 10 for different selections éét¢ennection indices and

TCWYV data sets. In the upper panel the patterral gfignificant teleconnection indices found foe thCWYV data set from
satellite observations are added. In the middleep#me same is shown for the significant orthogiseal indices. The
comparison again clearly indicates that many irglieee highly correlated to the ENSO index. Thusporify the
orthogonalised indices are considered, the ENS@npatespecially in the tropical Pacific, becometatively weaker

compared to the cumulative delta RMS values in rotegions.The cumulative delta RMS map for the orthogonalised

indices represents the overall contribution ofdefeections to the variability of the global TCW\étribution. Our results

indicate that these contributions are strong inTtfapics as well as in high latitudes. This poitstpotential drivers of these

teleconnections, e.g. tropical convection or syieptale wave breaking in jet exit regions (see Egjdstein and Franzke,
2017).In the lower panel the cumulative delta RMS mapdaibsignificant orthogonalised indices for the EREWYV data

set is shown. The derived spatial patterns are sienijfar to those for the satellite data set. thdd, however, be noted that

also for regions in high latitudes, which are nmtered by the satellite observations high values@und.
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Fig. 11 shows the latitudinal (top) and longitudi¢@ottom) distribution of the p99 values for afysificant original indices

(red) and all significant orthogonalised indicetué) detected in the TCWV data from satellite obseprati As expected,
the highest values (related to ENSO) are found theequatorial east Pacific, but most indices Hheestrongest effects in
mid and high latitudes. Interestingly, in the latie range between —30° and +30° only for one samf orthogonalised
index (besides ENSO) the maximum delta RMS is found

9 Conclusions

We investigatedhe-influence-of-aif and how strong the temporédigras of alarge set of teleconnection indicesn be

identified -en_inthe spatio-temporal variability of a global data skthe total column water vapor (TCWV) from 1995
2015 derived from satellite observations. To oundedge, it is the first time that a global TCW\aaet was used in such
a detailed way in teleconnection studies (note plaat of this data set was already used by van &afdet al., 2018). Here
it is important to note that the TCWV data setusqby based on observational data. Another impbahievement of this
study is the development of a new empirical mettoodecide whether a teleconnection index is sigaifily detected in the
global data set. The method is based on temporellgrsed teleconnection indices, which ensuresahatlevant time
scales are considered. The new method can be dpplge universal way to different data sétsthis study we applied the

new method to the TCWV sets derived from sateflitenodel data as well to several further quantitigsich are often used

in teleconnection studies. Based on the obtainedltse we could derive the following main conclusiorelated to the

science guestions mentioned in the introduction:

a) We developed a new empirical approach to determinether a teleconnection index is significadéiyected in a global

data set. This approach avoids problems of existiogrithms for the determination of significanbecause no assumptions

on the significance level or the measurement uaitgiés have to be made. We applied the new methadglobal data set

of the TCWV derived from satellite observations émand that 40 teleconnection indices could beifiantly detected.

b) We applied the same method also to TCWV fromBR& interim data set. Here we used two versionthefmodel data

sets, one including all data, the other only ckar data. The results for both versions agree ne# very well with those

for the satellite data set. This confirms both diality of the satellite and model data sets.dbahdicates that the satellite

observations can be seen as representative fataglilmean values. For some teleconnections, howelss, systematic

differences, mainly over northern Africa, were aigéal. Since these differences are not found for ritegority of the

teleconnection indices, we conclude that they @&rg probably not related to systematic errors efghtellite data set, but

rather indicate shortcomings of the model overéhegiions.

c) We also applied our method to a variety of ottlata sets, which are usually used in teleconnecttadies (surface

temperature, surface pressure, geopotential heagitsmeridional winds at different altitudes). Foost of these data sets

less teleconnection indices were significantly dite@ than for the TCWV data sets, while for zonahds, more

teleconnection indices (up to >50) were signifibadietected. These results indicate that our gldiezVV data set is well

suited for teleconnection studies. In our viewstl an important aspect, because our data setciasevely based on

measurements. The strongest teleconnection sigreaiks detected for the data sets of tropospheripateatial 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 rsekmiability, 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 patternsr fhat purpose we first orthogonalised the teleegtion indices to avoid

the effect of correlation between the indices. Caragd to the original set of indices, much lesshefdrthogonalised indices

(20 compared to 42) were significantly detectedhe TCWYV data set. Our global map of the cumulagffects of all

27



1215

1220

1225

1230

1235

1240,

1245

1250

1255

significantly detected orthogonalsed teleconnestisihowed the strongest teleconnection signalsergtbbal TCWV data

set over the Tropics and in polar regions. Thessiappatterns point to importance of differentvitg mechanisms in

different regions.
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1360 Table 1: Meteorological data sets used in this styd
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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 ECMWEF reanalysis (all sky dooml) Surface

Surface pressure

ECMWF reanalysis (all sky conatiig

Surface pressure extrapolated to

sea level

Geopotential heights

ECMWEF reanalysis (all sky ¢ooas)

50hPa, 200hPa, 500hPa, 850hka,

950hPa

Zonal winds

ECMWEF reanalysis (all sky condition

950hPa

s) OhPa, 200hPa, 500hPa, 850hRa,

Meridional winds

ECMWF 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.

Table 2: Teleconnection indices and other time ses$ used in this study More details about these indices as well as
their sources are given in FigA3-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 B - {
BEST HAW SCA MJ1 PNA Solar indices:
N34 PDO AAO MJ2 SOl RI
TPI PMM EAWR MJIN NOI MGIl
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
1PO RMMN (hurricane
CAR ooMI1 frequency)
AMO OOMI2
DMI OOMIN SAOD - /{
AMM FMO1 (stratospheric
STA FMO2 AOD)
TSA FMON
EA_ersst

1385

31



1390

1395

1400

1405

1410

1415

1420

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

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 214
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 54
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
clear sky observations during day.
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differences between original data sets and fit furiions; C) delta RMS values which describe the relate difference of
1510 the RMS if the ENSO index is includedbfor excluded in the fit function (for details see text)
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centers in northern high latitudes (A), Subtropics(B) and southern high latitudes (C). Results for te TCWYV data set
from satellite observations.
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Fig. 6 Global maps of the fit results for an artiftial time series containing only white noise (leftand a temporally - {

reversed teleconnection index (AMM, right). The whie areas represent fit results, that are classifiedds non-

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.
Red markers: similar results for the temporally reversed indices. Black lines: significance thresholdlhe indices are
1565 sorted from highest to lowest p99 values for the @inal indices.
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Fig. 10: Cumulative delta RMS for different selectbns of indices and data sets (note the different loar scales).
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Appendix 1

Normalisation of the delta RMS values

In_many teleconnection studies (e.g. Horel, 1984 raferences therein), the strength of a telecdimremdex 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 R4S depends on many factors, in particular alsehenuncertainties of

the considered data set. Since we want to compareleélta RMS values derived for different data getgarticular the

TCWV data sets derived from satellite observatiand model results, but also other datasets) inamtdative way, we

decided to divide the RMS (with and without an indecluded) by the zonal mean of the considered dat. Thus the delta

RMS shows the relative impact of the respectivexadVhile the RMS of the different TCWYV data sets eather different

(see Fig. 4, middle panel), the zonal means arg siemilar (Fig. 2). The zonal mean was chosen éadtof the long term

average of each considered 1° x 1° pixel), bectarsgome data sets used in this study (especiadiyiind data sets) large

variations and even zero-crossings exist, whichlavéead to meaningless delta-RMS values. We condptire delta RMS

values calculated by our new definition with tha$e¢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 clear

L)

(N | T ormalised by zonal mean

Qo0)  OgdF Q01 BRAS Gw20  Qogs QO30 (O3S 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 12

Effect of the temporal correlation of the reversedndices with the original indices

1715 For several temporally reversed indices, the-98th percentiles in Fig. 7 are substantially higherseveralreversed
indicesthan for others. Since all reversed indices reptesen-geophysical variations, such enhanced 98tbeptiles are

not expected. Thus this finding was further invgestied. It turned out that the enhanced values aused by accidental
correlations of these reversed indices with origindices (see Figh6A2), for which high 99th percentile values are found.
This reasoning is confirmed by the results showRignAZA3. There, high p99 values for reversed indices kvays found
1720 if they are correlated with original indices wittgh p99 values. To avoid the effects of such actt@leenhanced p99 values,
only the reversed indices with no obvious correlfadi with original indices with high p99 values wewmept for further
processing (red boxes in FigggA3). Here it should be noted that two somehow antyitchoices were made:

a) the selection of the selected reversed indieesk{oxes in FigA6A3) was made by visual inspection.

b) the influence effectof the correlation of the reversed indices with trginal indices was only investigated for the 8

1725 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 skippedrsed indices weskipped removetiecause of enhanced correlations
with several original indices. With respect to #econd point it should be noted that it makes sems®nsider only the
1730 original indices with the highest p99 values, beeathe correlations of the reversed indices wigndtiginal indices are in
| general rather low (see Fig6A2). The p99 values of the selected 8 original inslivgth the highest p99 values are in
general substantially higher than the p99 valuah®fremaining indices. In sensitivity studies warfd that taking account
more than 8 original indices had a negligible dffatthe derived threshold values.
The red markers in Figh47 represent the p99 values for the indices whichewpt after applying the selection criteria
1735 explained above. In the final step, from these p@flies 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%)isprocedure was
chosen, because the threshold values calculatétisrway are very close to the maximum p99 valulethe remaining
indices (red dots in Figh47) but are hardly affected by possible remainindiexst The derived threshold value is indicated
1740 by the dashed black line in Fig. 7.
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Appendix A3

Effect of a time shift of the teleconnection indice | - {

In addition to the p99 values themselves, alsceffext 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 exampdeal synchronisation should be important (buthhidepend on region).

In contrast, for indices without a geophysical tielaship to the considered data set, the p99 valbesld not depend on the

exact temporal synchronisation. Here it should dtedh that for some teleconnections, also time maigit exist between the

corresponding indices and the atmospheric variafiless the lack of an exact synchronization showdt be seen as a

strong indication that the corresponding telecotioeavas not significantly detected in a globaladsét. But conversely, if

a clear synchropisation for a teleconnection isithuhis can be interpreted as a a strong indiedtosignificant detection. _ - {

In Fig. A5 the p99 values for the original and s#df (by+ 1 month) indices are shown for the TCWV data sahfsatellite ) \‘[

observations. For most data sets (especially fosaghwith high p99 values) indeed smaller p99 vakresfound for the

shifted indices. Here it is interesting to notethageneral a stronger effect is found for atm@sghindices than for oceanic

indices, which can be understood by the higherueegies of the atmospheric indices. For severaamceandices, even

higher values are found for the shifted indicesdating a time shift (mostly a time lag) betweer fRCWV 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 atmusyic indices with p99 values below the significatiesreshold (PE, MJ2,

OOMI2, FMO1) still rather small ratios of the sleift and original indices are found indicating theste indices are also
probably significantly detected in the TCWV data Jéwus in the following we consider also indiceghw 99 values below

the significance threshold but with p99 ratios kel®8 for both shifts as significantly detectedrél# should be noted that

the choice of the threshold value of 0.8 is somehdbitrary. It was chosen because a deviation &6 2@m unity is larger

than the ‘noise level’ of the ratio. The exact deoof the threshold has only a small effect ondtt@ined results.
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| Appendix 24

| Additional Figures_and tables
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Fig. A3AG6: List of original indices used in this study. Besles the short names also the data sources afigures—with

their temporal variation from 1995 to 2016 are shown.

*All MJO indices are convoluted with a Gaussianniaie-of 30 days FWHM; **Original index according to Wheekand

Hendon, 2004;
***Khaykin et al., 2017
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| Fig. 3A7: lllustration of the preparations for the indices before they are used in the fit to the global dataets: First,
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Fig. A8: Delta RMS (left) and r2 values (right) for the fit of the ENSO index to_the TCWV derived fromsatellite /{

1850 observations.
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Fig. A4A9: Fit coefficients

for all indices used in this study. Shown are the
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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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1935

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
o A VST
IS DS
10 BEST ortho 20 TPI TPI ortho
] g;;%f—_._:\, X L ST T TR 3%
S | B2 =\ = 7
N ) ; = -&/ o - . Q&//j
— s — L e
Fig. ALOA12 Delta RMS maps for the significant orthogonalisedndices together with the delta RMS maps for the

original indices. The numbers at the left sides indate the order (descending) of the p99 values (sekso Fig.89).
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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, 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, 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
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