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Response to Reviewer #1’s comments

HESS-2019-442

Le et al. (2019): Response of global evaporation to major climate modes in historical and future CMIP5

simulations
GENERAL COMMENTS

I have the feeling that most of my comments have been properly tackled and that the article is close to
publication-proof. I still have the feeling that the authors miss some chances to truly make this a high-
impact paper. For instance, I think that elaborating more on the differences between the “current” and
“future” impact of climate modes on evaporation is very interesting. However, I do see that this would
need substantially more work: building up in-depth knowledge of the different climate models, running
extra analyses, and physically interpreting the results. Below, I list some final comments that need to be

tackled before the paper can be published.

Response: We thank the Reviewer for these suggestions. We modified the manuscript based on your
suggestions as below.

SPECIFIC COMMENTS

1. It is still not clear to me from the description at P2-L61-64 why the historical period and future
period need to cover the same number of years. As the methods used in this study have a statistical
nature, I would say that more data gives more robust results (and conclusions). The authors also
mention that “periods with similar lengths do not alter the results”. Why is the latter statement of

importance then?

Response: Because we directly compare the results (i.e. the probability map for the absence of Granger
causality between climate modes and evaporation) of the historical period and future period, it is safe to
use the same years for both periods. Depending on each dataset, data length may affect the statistical
significance (i.e., probability) of the results. Thus, we think it is better to use similar length for both

periods (particularly when the probabilities are compared).
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We removed the sentence “Using other data periods with similar lengths (i.e., 95 years) do not alter the
results and conclusions” to avoid confusing the reader.

2. It is not clear why the authors de-trend their data. At P4-L103, the authors claim that this processing
step does not change the results. When this step has no impact on the analysis, why is it performed

then? I think a motivation should be given in the manuscript to avoid confusing the reader.

Response: We detrend the data for the purpose of simplifying and standardizing the data. We rewrote
this sentence as follows to clarify this point:

“Detrending the data (for standardizing) does not alter the results and conclusions.”

3. The description of the temporal resolution at P4-L125-130 is very vague and unclear to me. Please

revise this description to make it more readable.

Response: We rewrote these sentences as follow:

“We note that the temporal resolution of all analyses is yearly (i.e., the index ¢ in equation (1) denotes
year). Although the definition of the predictand (i.e., X; in equation (1)) is either annual mean or
seasonal mean values, the analyses related to Granger causality are computed on annual basis. We
report the analyses using the annual mean of evaporation (i.e., the predictand X;) as the main results of
this study (Figures 1-7) while the analyses using the seasonal mean of evaporation provide additional
information (Figures S3-4, S6-7, S9-10).”

4. I am still surprised about the low impact of the climate modes on evaporation dynamics over land
areas. Previous numbers reported in literature are generally higher than the ones reported in this study
(P8-L253-266). I can agree that different methods give different results, but the authors should be able
to explain these differences when they are that substantial. This difference should at least be
acknowledged and better discussed in the manuscript by contrasting the numbers against similar values

reported in literature.

Response: We agree with the Reviewer. We added the following sentences to clarify this point:
“The influence of climate modes on land evaporation shown in the present study is generally lower than
the results reported in previous works (e.g., Martens et al., 2018). This difference is due to the use of

different methods and different data periods.”
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5. The statement at P9-L.259 is interesting: “We observe an increase in land area affected by ENSO to
...”. Why do the authors not elaborate a bit more on this? Why do they think they see this increase? The
nice feature of this study is that a separate analysis is performed for a “current” and “future” period. In
my opinion, elaborating a bit more on the different results between both periods would really make this

a stronger paper.

Response: We think the reason for this increase might be the increase in frequency of extreme ENSO
events in the future period (Cai et al., 2015). However, we also think this topic could be an open
question that requires different approach to answer.

We tried to elaborate a bit more on this by adding the following sentence:

“The increase of ENSO effects on land evaporation might be associated with the increase in frequency
of extreme ENSO events in the future period (Cai et al., 2015)”

6. The discussion at P9-L267-274 is interesting as well. I think another reason might be that the modes
are affecting meteorological variables that (during that period) are not driving evaporation. E.g. NAO
might affect precipitation (water availability) in northern Europe during winter, but in wintertime,
evaporation is mainly driven by radiation in this region, so NAO will apparently only have a small (or

no) impact on the dynamics of evaporation in that case.

Response: We thank the Reviewer for this additional clarification. We added the following sentences to
this discussion:

“Besides, climate modes may affect meteorological variables that do not drive land evaporation
dynamics. For instance, NAO might affect precipitation (water availability) in northern Europe during
winter (Hurrell et al., 2003), but in wintertime, land evaporation is mainly driven by solar radiation in
this region. Thus, NAO will apparently only have a small (or no) impact on the dynamics of land
evaporation in that case.”

TECHNICAL CORRECTIONS

1. P2-L49: this is the first use of “CMIP” in the main text, the abbreviation should thus be defined here
(and not at P2-L54).

Response: We thank the Reviewer for pointing this out. We rewrote these sentences as your suggestion.

3
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2. P3-L73-74: this is a repetition of P2-L.31.

Response: We removed the sentence “Hence, the term ‘evaporation’ used in this study is referred to
both transpiration and evaporation” to avoid the repetition.

3. P3-L68-69: this description can be easily miss-interpreted as this is not how the authors deal with the
multi-model ensemble (details are described at P4-L123—124) in this study. I would suggest rephrasing

this statement.

Response: We rewrote this sentence as follows:

“The results based on multi-model mean are generally better and more reliable than single model results
(e.g., Weigel et al., 2010).”

4. P4-L134: “... influence on evaporation of different regions ...”: please rephrase because it is not

clear what the authors mean.

Response: We rewrote this sentence as follows:

“...ENSO is more likely to have influence on numerous regions (highlighted in brown shades) of both
hemispheres...”

5. P4-L140: “... which is the main contributor of change in ...”: the authors use “change” multiple
times along these lines, but to me, it is not exactly clear what the authors mean with “change”. I guess
they mean that dynamics of evaporation are affected/changed by something else, but it sounds vague to

me.

Response: We rewrote this sentence as follows:
“...which is the main contributor to variations of evaporation...”

Brecht Martens
Ghent University

Laboratory of Hydrology and Water Management

Response to Reviewer #2’s comments

Submitted on 08 Jan 2020
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Referee #2: Jasper Denissen, jdenis@bgc-jena.mpg.de

1) While I do like the addition of Figure 7, I'm not satisfied line 290 - 293. This figure allows to
elaborate more on where and why there are the largest differences between dominant climate modes or
where and why there are no differences. If the differences between past and future are not mentioned,
why show both past and future at all? A shift from one dominant climate mode to another means a shift
in dynamics related to their respective climate modes, which could change the timing and magnitude of

evaporation.

Response: We thank the Reviewer for the comment. We added the following sentences to further
discuss the results shown in Figure 7:

“This result indicates the important role of ENSO on global evaporation with dominant effects in
tropical Pacific and parts of middle Asia, Indochina Peninsula, Australia and northeastern South
America. The 10D has dominant effects in western tropical Indian Ocean and small part of eastern
tropical Pacific while NAO is a dominant mode in the North Atlantic and European regions. The shift
from one dominant climate mode to another indicates a shift in the dynamics related to their respective
climate modes, which could change the timing and magnitude of evaporation. There is minor change of
the dominance of climate modes between historical and future periods, with slight reduction in the
dominance of the IOD in the future.”

2) I appreciate the addition of line 104 - 113, but I still don’t have an idea about what makes this
technique robust (line 114 - 115). Maybe 1 should ask what you mean with robust? In my opinion,

robustness means for example bootstrapping the analysis and getting similar results.

Response: We mean the result of causal influence obtained by using this technique is not spurious.
Here, the assessment is robust mainly because the method is designed to detect causal effects (i.e., as
shown in the predictive model in equation 1 and the significance test described in the Methods section).
This technique is based on a well-established method which is used in numerous studies (e.g., Le et al.,
2016; Mosedale et al., 2006; Pasini et al., 2012; Stern and Kaufmann, 2013). To our knowledge, in

order to obtain robust conclusions of causal connection, bootstrapping in normally necessary for other
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methods (e.g., correlation analysis) because these methods are not particularly designed to detect causal
relationship. Besides, the result is also supported by multi-models approach.

We rewrote this sentence as follows to clarify this point:

“The techniques employed in the present study, which are designed to detect causal relationship,
provide robust assessment about the causal influence of considered climate mode on global
evaporation.”

3) The significance of the results in Figures 1, 2 and 3 is different from the significance of the results
shown in Figure 4. One could think of it this way: if for example the probability for the absence of
Granger causality between ENSO and annual mean evaporation for the period 1906-2000 is 0.1 and
significant (as noted by the green and red contour lines in Figure 1) and the probability for the absence
of Granger causality between IOD and annual mean evaporation for the period 1906-2000 is 0.1 and
significant, the difference between these two is approximately 0, which makes the difference
insignificant. What I’'m getting at is that you need another significance test to test whether the difference
is significantly different from 0, which could be achieved with a two-sample t-test. This should be done

for Figure 4 and 6 and might alter the percentages mentioned in the Discussions section.

Response: We thank the Reviewer for raising this interesting point. We understand the approach
pointed out by the Reviewer. However, we think the difference of probability shown in Figure 4 should
not be a target for a significance test. In our opinion, these differences are original and true values,
meaning that we receive only one value for each grid point and accept as it is. We also emphasize that

the reported differences are the multi-model results and the uncertainties are reduced.
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Response of global evaporation to major climate modes in historical
and future CMIPS simulations
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Abstract. Climate extremes, such as floods and droughts might have severe economic and societal impacts. Given the high
costs associated with these events, developing early warning systems are of high priority. Evaporation, which is driven by
around 50% of solar energy absorbed at surface of the Earth, is an important indicator of global water budget, monsoon
precipitation, drought monitoring and hydrological cycle. Here we investigate the response of global evaporation to main
modes of interannual climate variability, including the Indian Ocean Dipole (I0OD), the North Atlantic Oscillation (NAO)
and the El Nifio-Southern Oscillation (ENSO). These climate modes may have influence on temperature, precipitation, soil
moisture, wind speed, and are likely to have impacts on global evaporation. We utilized data of historical simulations and
RCP8.5 future simulations derived from Coupled Model Intercomparison Project Phase 5 (CMIPS5). Our results indicate that
ENSO is an important driver of evaporation for many regions, especially the tropical Pacific. The significant IOD influence
on evaporation is limited in western tropical Indian Ocean while NAO is more likely to have impacts on evaporation of the
North Atlantic European areas. There is high agreement between models in simulating the effects of climate modes on
evaporation of these regions. Land evaporation is found to be less sensitive to considered climate modes compared to
oceanic evaporation. The spatial influence of major climate modes on global evaporation is slightly more significant for
NAO and the IOD while slightly less significant for ENSO in the 1906-2000 period compared to the 2006-2100 period. This
study allows us to obtain insight about the predictability of evaporation, and hence, may improve the early warning systems
of climate extremes and water resources management.

Keywords: ENSO; IOD; NAO; Evaporation; CMIP5; Water resources management;

1 Introduction

The North Atlantic Oscillation (NAO; e.g., Hurrell et al., 2003), the Indian Ocean Dipole (IOD; Saji et al., 1999; Webster et
al., 1999), and the El Niflo-Southern Oscillation (ENSO; e.g., Bjerknes, 1969; Neelin et al., 1998) are major modes of global
climate variability. These climate modes may have influence on important drivers of evaporation such as surface temperature
(e.g., Arora et al., 2016; Leung & Zhou, 2016; Sun et al., 2016; Thirumalai et al., 2017; Wang et al., 2017), precipitation
(Dai and Wigley, 2000), soil moisture (Nicolai-Shaw et al., 2016), humidity (Hegerl et al., 2015) and wind speed (Hurrell et
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al., 2003; Yeh et al., 2018). Hence, these climate modes are likely to have impacts on global evaporation and transpiration
(hereafter simply referred as ‘evaporation’). Evaporation, which is driven by around 50% of solar energy absorbed at surface
of the Earth (Cavusoglu et al., 2017; Jung et al., 2010), is an important variable contributing to global water budget,
monsoon precipitation, drought monitoring and hydrological cycle (Friedrich et al., 2018; Kitoh, 2016; Lee et al., 2019; Van
Osnabrugge et al., 2019; Son and Bae, 2015). Additionally, changes in global evaporation are expected to feedback on global
and regional climate. For example, land evaporation is shown to have influences on carbon cycles (Cheng et al., 2017), cloud
cover (Teuling et al., 2017) and air temperature (Miralles et al., 2012).

While previous studies emphasize the importance of ENSO (Martens et al., 2018; Miralles et al., 2013), the Atlantic
Multidecadal Oscillation, the Tropical Northern Atlantic Dipole, Tropical Southern Atlantic Dipole and the IOD (Martens et
al., 2018) on global land evaporation, the role of the NAO remains elusive. In addition, the future influence of these climate
modes on global evaporation under warming environment remain unclear. Climate change and rising temperature might
increase surface evaporation (Miralles et al., 2013), and thus, might reduce global water availability and cause change in
hydrological cycle (e.g., Naumann et al., 2018). Moreover, most of previous works (e.g., Shinoda and Han, 2005; Xing et al.,
2016; Zveryaev and Hannachi, 2011) mainly address the connection between individual climate modes and evaporation,
however, the role of other climate modes might not be included in the analyses. As long term and reliable evaporation data is
lacking (e.g., Hegerl et al., 2015; Miralles et al., 2016), climate model simulations provide additional opportunity to examine
the impacts of main climate modes on global evaporation. Besides, evaluating the models’ consistency in reproducing the
impacts of internal climate variability on evaporation is important for understanding the difference between models.

Here we investigate the causal impacts of major climate modes (i.e. ENSO, IOD and NAO) on global terrestrial and oceanic

evaporation in Coupled Model Intercomparison Project Phase 5 (CMIPS5)EMIPS model simulations for the 1906-2000 and

the 2006-2100 periods. For this investigation, we use multivariate predictive models and tests of Granger causality which

consider the simultaneous impact of climate modes on global evaporation (see Methods section 2.2).

2 Data and Methods
2.1 Data

The data used in the present study was  obtained from__ CMIPS model simulations

We employ data of historical simulations (experiment name ‘historical’ in CMIP5) and future simulations
with high-emissions climate change scenario (experiment name Representative Concentration Pathway [RCP] 8.5 scenario,
‘rcp85°) (Taylor et al., 2012). The RCP8.5 is a very high emission scenario with radiative forcing of 8.5 W/m? in 2100
relative to the preindustrial level (van Vuuren et al., 2011). Warming environment in the RCP8.5 scenario increases the
frequency of extreme ENSO and 10D events (Cai et al., 2014, 2015) and potentially modulates the impacts of these climate
modes on global evaporation. The starting year of historical simulations is roughly 1850 and the ending year is roughly 2005

while the starting year of future simulations is roughly 2006 and the ending year is roughly 2100. The results of the effects of

9



235

240

245

250

255

260

climate modes on evaporation are compared between the historical period and the future period. Hence, in our analyses, we
only use the data for the 1906-2000 historical period as a reference (with similar data length) for the future period 2006-

2100. s—We use different

data variables, including monthly sea level pressure (i.e., ‘psl’ in CMIP5 datasets), sea surface temperature (i.e., ‘ts’), and
evaporation (i.e., ‘evspsbl’). For each model, we only utilize one simulation (i.e., ‘rlilp1’). The models employed in this
study are listed in Table S1 (Supplement). As we use 15 different models for our analysis, the uncertainties related to the
effects of climate modes on evaporation are reduced. The results based on multi-model mean were-shown-to-beare generally
better and more reliable than single model results (c.g.. Weigel et al., 2010). Terrestrial evaporation is the flux of water at
surface into the atmosphere due to transformation of both solid and liquid phases to vapor (from vegetation and underlying
surface). Most of the climate models do not provide separately the data of evaporation from canopy (i.e. transpiration) and
water evaporation from soil (i.e. evaporation) which complicates attributing changes in evaporation to canopy or soil related
processes. Henee; crm-cvaporation”used-in this s Is-referre irati i

There might exist model biases in simulating ENSO (e.g. Taschetto et al., 2014), the IOD (Chu et al., 2014; Weller and Cai,
2013), NAO (Gong et al., 2017; Lee et al., 2018) and there is uncertainty in capability of land surface models in modeling
evaporation (Mueller & Seneviratne, 2014; Wang & Dickinson, 2012). However, CMIP5 data is useful for better
understanding of past and future climate and provides additional understanding about the connections between major climate

modes and global evaporation.

2.2 Methods

The NAO index (Hurrell et al., 2003) is computed as the first empirical orthogonal function (EOF) of boreal winter (DJF)
sea level pressure (SLP) anomalies in the North Atlantic area (90°W-40°E, 20°-70°N). We compute the dipole mode index
(DMI) (Saji et al., 1999) as the discrepancy of SST anomalies between the western tropical Indian Ocean (50°E-70°E; 10°N-
10°S) and the south-eastern tropical Indian Ocean (90°E-110°E; 0°N-10°S) in the boreal fall (SON). We define the ENSO
index as the average sea surface temperature (SST) anomalies in the Niflo 3.4 region (120°W-170°W; 5N°-5°S) during boreal
winter. We include ENSO, IOD and NAO in our analyses as these indices are three major climate modes of tropical Pacific,
tropical Indian and North Atlantic Oceans. These climate modes are the main sources of global climate variability at
interannual timecales (e.g., Abram et al., 2003; Hurrell et al., 2003; McPhaden et al., 2006).
We evaluate the causal effects of a climate mode (i.e., NAO or DMI or ENSO) on evaporation by using the following
predictive model (e.g., Mosedale et al., 2006):
p P mo P
X =D aX +) BY_ +D. 25,7, +, 1
i=l i=1 j=1 i=l
where X; is the annual mean (or seasonal mean) evaporation for year ¢, ¥; is the selected index (i.e., ENSO or NAO or DMI)

for evaluating the causal effects on evaporation for year ¢, Z;, is the confounding variable j for year ¢, p > 1 is the order (or
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the number of lagged time series) of the causal model, and m is total number of confounding variables. The optimal order p
is computed by minimizing the Bayesian information criterion or Schwarz criterion (Schwarz, 1978). We note that the
optimal orders might be different for each grid cell, depending on evaporation data of the selected grid cell. The optimal
orders are normally less than 8 in our analysis, suggesting that the impact of major climate modes on evaporation is
evaluated at inter-annual time scales. Confounding variables (e.g., if NAO is the selected index of possible causal influence
on evaporation, the confounding variables are DMI and ENSO) may have impacts on the links between selected index and
global evaporation. There are two form of confounding variables in our analysis, hence, m is equal to 2 in equation (1). The
regression coefficients a;, f; and J;; and the noise residuals & are computed by using multiple linear regression analysis and
least squares method. All climate indices and evaporation data are normalized (by using z-score) and detrended (by
subtracting the trending line from given data; the trending line or the best-fit line is identified using least squares method).
Detrending the data (for standardizing) does not alter the results and conclusions.

We apply test of Granger causality for the predictive model described in equation (1). Specifically, in order to assess the
causal influence from Y to X, we compute the probability of the null hypothesis for an absence of Granger causality from Y
to X. The model shown in equation (1) is defined as a complete predictive model where all variables (i.e., past data of
evaporation and climate indices) are used to estimate evaporation. The null model of no causal effects from given climate
mode (i.e., variable Y) to evaporation is defined by removing the terms related to Y (i.e., by setting 8; = Owithi =1, ...,p)
in equation (1). The complete model and the null model are then compared by using the following indicator:

Ly, =n(log|Q, , ,|-log|02,)

YoX .5 =0‘
where Q| is the determinant of the covariance matrix of the noise residual, and n is the length of the data time series. We
test the significance of the complete model by comparing the Ly-.x indicator against a x; null distribution. This test results in
a probability for no causal effect of the considered variable Y on evaporation. Additional information on the test of Granger
causality are explained in earlier works (e.g., Le, 2015; Le et al., 2016). The techniques employed in the present study. which

are designed to detect causal relationship, provide robust assessment about the causal influence of considered climate mode

on global evaporation. In addition, these approaches account for the concurrent influence of confounding variables and
hence, provide more realistic evidence of the response of global evaporation to major climate modes.

Modes of climate variability might be correlated to each other and this correlation might have effects on the relationship
between these modes and other variables (e.g., evaporation) (Gonsamo et al., 2016; Martens et al., 2018). However, in the
approach of Granger causal analysis, the conclusion for the causal effects from variable Y (i.e., the considered climate mode)
to variable X (i.e., evaporation) is independent from the relationship between Y and other factors (i.e., the relationship
between climate modes) (Mosedale et al., 2006; Stern and Kaufmann, 2013).

We apply the methods described above to all the single models. We then rescale the results of single model to 1° longitude
x1° latitude spatial resolution. We use the rescaled results to compute the multi-model mean which is shown as a map of

probability for no Granger causal impact from individual climate mode to global evaporation.

11
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We note that the temporal resolution of all analyses is yearly (i.c.. the index z in equation (1) denotes year). Although the

definition of the predictand (i.e., X;in equation (1)) is based-encither beth-annual mean and-or seasonal mean values, the

definitions—usedjthe analyses related to Granger causality are computed on annual basis. We report the analyses using the

annual mean of evaporation (i.e., the predictand X;) as the main results of this study (Figures 1-7) while the analyses using

the seasonal mean of evaporation provide additional information (Figures S3-4, S6-7. S9-10).

3 Results and discussions
ENSO influence on evaporation

The probability maps of no Granger causality between ENSO and global evaporation for the periods 1906-2000 and 2006-
2100 are shown in Figure 1. In both periods, ENSO is more likely to have influence on evaperation-of-differentnumerous
regions (highlighted in brown shades) ofin both hemispheres, including middle Asia (regions closed to Caspian Sea, details
are shown in Figure Sla in the Supplement), Indian Ocean, Indochina Peninsula, Australia (Figure S1b), tropical Pacific and
northeastern South America (i.e. Amazonia, Figure Slc) and the Pacific coast of America (Figure S1d). There is high
agreement between models (indicated by stippling in Figure 1) in simulating ENSO-evaporation connection of these regions.
ENSO might indirectly influence global evaporation by modulating regional climate factors associated with evaporation
processes. For example, ENSO significantly influence near surface wind, which is the main contributor toef change
variations ofin evaporation (Xing et al., 2016). The ENSO impacts on large part of tropical Pacific Ocean are robust at 5%
and 10% significance levels (here we reject the null hypothesis of the absence of Granger causal effects between ENSO and
evaporation at 5% and 10% significance levels, hence, we conclude that there is significant causal impact; we note that the
5% and 10% significance levels are computed from the test for the absence of Granger causality). Further analyses reveal
that ENSO has significant impacts on SST (Figure S2a) and zonal winds (Figure S2b) over the tropical Pacific for the 1906-
2000 period (similar patterns are observed for the 2006-2100 period, not shown). Hence, the influence of ENSO on
evaporation might be associated with Wind-Evaporation SST (WES) effect (Cai et al., 2019). The WES effect occurs when
warm (cold) water becomes warmer (colder) due to decrease (increase) in evaporation and weakened (strengthened) surface
winds. Besides, ENSO is known to induce changes in global precipitation with decrease in rainfall in Africa, Indochina
Peninsula, Indonesia, Australia and Amazonia during El Niflo phase (Dai and Wigley, 2000) and thus indirectly influence
evaporation of these regions. ENSO causal effects on global precipitation are shown in Figure S2¢ which indicates the close
connection between precipitation and evaporation process in several regions (e.g., tropical Pacific, Australia, Amazonia and
regions closed to Caspian Sea).

Additional analyses show a more robust influence from ENSO on global evaporation in boreal spring compared to other
seasons (Figure S3 in the Supplement). The ENSO influence on boreal winter evaporation is mainly found in the tropical

Pacific, while land evaporation is less likely to be influenced by ENSO in winter (Figure S3a). The limited response of
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Northern Hemisphere boreal winter evaporation to ENSO might be related to low energy supply (i.e. incoming solar
radiation), which leads to reduction in land evaporation (Martens et al., 2018). Although ENSO strength peaks in boreal
winter, the weak response of evaporation to ENSO during this specific time of the year suggests the important role of other
internal climate modes or external factors (i.e. solar radiation). The boreal winter evaporation in the Southern Hemisphere
might be controlled by local background conditions (e.g., surface temperature) and other major climate modes (e.g. the
Southern Annular Mode [SAM]). The response of global evaporation to ENSO is found to be the most robust in boreal
spring and gradually decrease in summer, fall and winter (Figure S3 and S4). These results indicate the persistent and lagged
influence of ENSO on regional evaporation (e.g., Australia, northeastern South America and tropical Pacific are influenced
during boreal spring, summer and fall). The seasonal connection between ENSO and global evaporation in future simulations

(Figure S4) shows similar patterns compared to historical simulations (Figure S3).

10D influence on evaporation

Figure 2 describes the evaporation response to the IOD which is mainly found in Indian ocean and the tropical Pacific. The
10D impacts are shown to be significant in the western tropical Indian ocean close to the eastern coast of Africa (Figures 2a
and 2b, see Figure S5a for additional details). The evaporation response in the western tropical Indian ocean to the IOD may
be associated with the impact of the IOD on short rains in East Africa (Behera et al., 2006; Black et al., 2003). The IOD
signature is also found in the areas close to the Horn of Africa (Figure 2a). This result is in agreement with previous work
(Martens et al., 2018) which proposed a possible evaporation response of Horn of Africa to positive phase of the IOD. The
10D shows remote control of evaporation in parts of tropical Pacific, especially the eastern regions (Figure S5b). This
teleconnection might be associated with the 10D effects on ENSO and SST in the eastern parts of tropical Pacific (e.g.,
Izumo et al., 2010; Le & Bae, 2019). In historical simulations (Figure 2a), the IOD impacts might reach as far as the
Southern Ocean (region close to 150°W to 120°W; 45°S to 60°S) where there is high agreement between models. This IOD-
Southern Ocean teleconnection might be indirect and is possibly related to other major climate mode of the Southern
Hemisphere (e.g. the SAM).

Although the IOD is shown to contribute to droughts in East Asia (Kripalani et al., 2009) and Australia (Ashok et al., 2003;
Cai et al., 2009; Ummenhofer et al., 2009), our analyses imply that the IOD impacts on evaporation of these regions are
unclear, particularly in the future period of 2006-2100 (Figures 2b, S6 and S7). Additionally, there is uncertainty in the
impact of the IOD on evaporation in other regions, including the middle East, South Asia, Southeast Asia where there is
complex interactions between different climate modes (e.g., ENSO, IOD and the Indian summer monsoon rainfall; Cai et al.,
2011; Le & Bae, 2019). Unlike seasonal responses of evaporation to ENSO (Figure S3 and S4), the seasonal responses of
evaporation to the IOD indicate similar patterns between different times of the year (Figure S6 and S7). Specifically, in all
four seasons, the IOD influence on evaporation is mainly shown in parts of tropical Indian and Pacific oceans. Although

there is still uncertainty, IOD signal is found in evaporation change of Amazonia (i.e. northeastern South America, Figures
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S6a and S7a) in boreal winter (December—February) for several model simulations. These results are in agreement with

previous study (Martens et al., 2018) which showed the sensitivity of evaporation in the rainforest to the IOD.

NAO influence on evaporation

The global evaporation response to NAO, which is limited in the Northern Hemisphere, is shown in Figure 3. NAO mainly
contributes to change in evaporation of the North Atlantic European sector where high agreement between models is found
(see Figure S8 for additional details). This conclusion shows consistency with earlier works and indicates the capability of
models in simulating the connection between NAO and regional evaporation. Particularly, the positive phase of NAO leads
to changes in temperature, transport of atmospheric moisture and precipitation in northern, central and western Europe and
parts of southern Europe and thus causes change in evaporation (Hurrell et al., 2003). Given significant economic losses
from floods in Europe caused by NAO (Hurrell et al., 2003; Zanardo et al., 2019), the predictability of regional evaporation
using NAO index might be potentially helpful to mitigate the flood impacts. There is uncertainty of NAO impacts on
southern North Atlantic and eastern Europe. In several models, NAO impact is found in small areas of the eastern tropical
Pacific and South Atlantic (Figure 3a). NAO might also influence evaporation in parts of central North America and the
coast of northeastern South America; however, these signatures are unclear (Figure 3a). The sensitivity of evaporation in the
western coast of North America shown in Figure 3a is somewhat in agreement with the findings of previous study (Martens
etal., 2018).

The seasonal evaporation response to NAO is much weaker in boreal fall and winter compared to spring and summer (Figure
S9 and S10). In the Northern Hemisphere, this result might be due to decrease in seasonal solar radiation (Martens et al.,
2018). The NAO impacts on northwestern Europe in boreal spring (Figure S9b and S10b) suggests several months lagged
effect of NAO on evaporation of this region. Global evaporation response to NAO is the most robust in boreal spring where

NAO signature might exist in large area of northern Eurasian continent and parts of Pacific Ocean (Figure S9b).

Comparing the impacts of different climate modes

Figure 4 shows the difference in multi-model mean probability for the absence of Granger causality between a pair of
climate modes and annual mean evaporation. Specifically, the effects of ENSO on evaporation are more significant
compared to NAO in large parts of tropical region (highlighted in blue shades which indicate lower probability of no causal
impacts) while NAO effects are more significant in the high latitude region of Northern Hemisphere (highlighted in red
shades), especially regarding the North Atlantic European sector (Figures 4a and 4d). We observe stronger signature of
ENSO compared to the IOD in the Middle East, the Pacific coast of North America and large parts of the tropics, except for
the western tropical Indian Ocean (Figures 4b and 4e). Figure 4e indicates the increase in ENSO spatial impact over the
western Indian Ocean in the 21° century compared to 20™ century. Interestingly, the IOD effects is found slightly stronger
compared to ENSO in the North Pacific and North Atlantic, suggesting the potential role of the IOD in these regions. The

impacts of NAO are more significant compared to the IOD in the North Atlantic European sector while IOD impacts are
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stronger in the tropical Pacific and Indian Oceans and high latitude region of southern hemisphere (Figures 4c and 4f).
Overall, ENSO is the dominant mode of tropical evaporation while NAO largely contribute to regional evaporation in the

high latitude of Northern Hemisphere.

Discussions

The map of ENSO-evaporation connection presented here (Figures 1, S1, S3 and S4) confirm the results obtained previously
(e.g., ENSO influence on evaporation of Australia and Amazonia where there is high consistency between models as shown
in Figure 1). The results shown here (Figures 1 and S2c) are partly in agreement with previous study (Miralles et al., 2013)
which showed lower evaporation during El Niflo events due to decrease in precipitation in eastern and central Australia and
eastern South America. In addition, the robust signature of ENSO on evaporation of tropical regions is consistent with the
findings of Miralles et al. (2013) which showed negative (positive) anomalies of evaporation for most of the tropics under El
Nifio (La Nifia) conditions. Besides, our results also show new features of the connection between ENSO and global
evaporation. Specifically, ENSO is more likely to have influence on the Pacific coasts of both North and South America. The
10D is suggested to be the main climate mode to have impacts on evaporation of both hemispheres (Martens et al., 2018),
however, our results indicate that ENSO influence also has similar characteristics (Figures 1, S1 and S3). In addition, there is
uncertainty of ENSO impacts on land evaporation, especially regarding the regions of South Asia, Africa and Southern
South America. The result of ENSO influence on eastern Australia shows consistency with past findings (Martens et al.,
2018; Miralles et al., 2013), however, we further indicate that there is also close connection between western Australia
evaporation and ENSO variations (Figures 1, S1 and S3). In fact, evaporation in the Australian continent was shown to have
highest sensitivity to ENSO conditions compared to other continents (Miralles et al., 2013). Additionally, our results suggest
that ENSO is more likely to have impacts on evaporation of Australia during both historical period of 1906-2000 and future
period 2006-2100. We note that in the present study, we use longer data periods (i.e. 1906-2000 and 2006-2100 model
simulations) compared to recent works [e.g., 1982-2012 (Martens et al., 2018) and 1980-2011 (Miralles et al., 2013)
observations]. Hence, the length of data period might affect the statistical significance tests and the interpretation of results.
There are different factors that contribute to the ambiguity of climate mode impacts on evaporation of several regions (e.g.
South Asia, Africa and Southern South America). Specifically, these factors include the large discrepancies of current
estimations of land evaporation for recent decades (Dong & Dai, 2017; Miralles et al., 2016), the limitations of climate
models in simulating climate modes (Gong et al., 2017; Lee et al., 2018; Taschetto et al., 2014; Weller and Cai, 2013) and
the overestimation of simulated evaporation in most regions (Mueller and Seneviratne, 2014). Specifically, there are
systematic biases in simulating yearly average evaporation in Australia, China, Western North America, Europe, Africa and
part of Amazonia (Mueller and Seneviratne, 2014). Thus, these biases contribute to the uncertainties in the effects of climate
modes on evaporation. Nevertheless, the methods based on multi-model mean and Granger causality tests (see Section 2.2)

help to reduce the uncertainties and provide robust results and conclusions.
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Figure 5 shows the fraction area of Earth surface for land and ocean with probability for the absence of Granger causality
between climate modes and evaporation less than 0.1 (i.e., p value < 0.1; here, the null hypothesis of no Granger causality
from climate modes to evaporation is rejected at 10% significance level, hence, we conclude that there is significant causal
effects; we note that the fraction area is substantially smaller if p value < 0.05). Specifically, during the period 1906-2000,
nearly 1.039% of land area is affected by ENSO at 10% significance level while the affected land areas by NAO and the IOD
are 0% and 0.017%, respectively (Figure 5a). The area of oceanic evaporation influenced by ENSO, NAO and the IOD are
2.908%, 0.01% and 0.196%, respectively (Figure 5a). We observe an increase in land area affected by ENSO to 1.38%
during the 2006-2100 period while the affected land areas by NAO and the IOD are 0% (Figure 5b). The increase of ENSO
effects on land evaporation might be associated with the increase in frequency of extreme ENSO events in the future period

(Cai et al., 2015). The area of oceanic evaporation influenced by ENSO, NAO and the IOD are 2.944%, 0.003% and

0.122%, respectively (Figure 5b). This result shows a minor decrease in NAO and IOD effects on oceanic evaporation
during the 2006-2100 period compared to the 1906-2000 period. Figure S11 shows additional analyses for the fraction area
of Earth surface for land and ocean with probability for the absence of Granger causality between climate modes and
evaporation less than 0.25 (i.e., climate modes are unlikely to have no causal effects on evaporation; Stocker et al., 2013).
Figure S11 indicates that the land and ocean area influenced by the 10D is slightly higher compared to NAO. _The influence

of climate modes on land evaporation shown in the present study is generally lower than the results reported in previous

works (e.g., Martens et al., 2018). This difference is due to the use of different methods and different data periods.

The considered climate modes (i.e. ENSO, NAO and I0OD) are more likely to have influences on global evaporation over
oceans while they have limited signature in change of land evaporation for many regions (Figures 1, 2, 3, 5 and S11). These
results indicate the role of other factors in modulating land evaporation. Particularly, the influence of major climate modes
on land evaporation might be offset by other factors like greenhouse gases, aerosols or solar radiation (Dong and Dai, 2017;

Hegerl et al., 2015; Liu et al., 2011). Besides, climate modes may affect meteorological variables that do not drive land

evaporation dynamics. For instance, NAO might affect precipitation (water availability) in northern Europe during winter

(Hurrell et al., 2003), but in wintertime, land evaporation is mainly driven by solar radiation in this region. Thus, NAO will

apparently only have a small (or no) impact on the dynamics of land evaporation in that case. The impacts of climate modes

on ocean evaporation contribute to change in global hydrological cycle as ocean evaporation might affect land water cycle
by inducing change in regional precipitation (Diawara et al., 2016). For example, the evaporation of the eastern North Pacific
is the main moisture supply for precipitation in California (Wei et al., 2016).

Changes in the spatial influences of major modes of climate variability on regional evaporation for the future period 2006-
2100 and the historical period 1906-2000 depend on each climate mode (Figures 1, 2, 3). Analyses in details of the
difference between these two periods are shown in Figure 6. Specifically, the fraction area of Earth surface showing lower
probability of ENSO effects for 2006-2100 period is approximately 52.9% (Figure 6a). This result indicates that ENSO
slightly expand the impacted regions (highlighted in red shades, Figure 6a) during 2006-2100 period compared to 1906-2000
period. Conversely, the fraction area of Earth surface for effects of NAO and the IOD during the 2006-2100 period are

16



460

465

470

475

480

485

decreased with 47.2% and 45.7%, respectively (Figure 6b and 6¢). These results suggest that, for several regions of declining
impacts of climate modes (highlighted in blue shades, Figure 6), the important drivers of evaporation processes in the 21
century (e.g., precipitation, near-surface air temperature, wind speed, soil moisture) tend to be not affected by the modes of
climate variability in the models. For example, response of regional evaporation to climate warming depends on precipitation
(Parr et al., 2016; Zhang et al., 2018) and projected rise of surface temperature is shown to mainly contribute to the increase
in regional evaporation (Lainé et al., 2014). Because the volume of moisture carried by air increases with air temperature, the
atmospheric water vapor demand is expected to increase with rising air temperature and rising greenhouse gases
concentration (Miralles et al., 2013). In addition, the declines in pan evaporation in southern/western Australia are mainly
caused by decreases in wind speeds (Stephens et al., 2018).

The dominance of an individual climate modes on evaporation is summarized in Figure 7 for historical and future periods.
Figure 7 shows the regions where the lowest probability for the absence of Granger causality between climate modes and
evaporation is less than 0.25 (i.e., climate modes are unlikely to have no causal effects on evaporation). This result indicates

the important role of ENSO on global evaporation with dominant effects in tropical Pacific and parts of middle Asia,

Indochina Peninsula, Australia and northeastern South America. The 10D has dominant effects in western tropical Indian

Ocean and small part of eastern tropical Pacific while NAO is a dominant mode in the North Atlantic and European regions.

The shift from one dominant climate mode to another indicates a shift in the dynamics related to their respective climate

modes, which could change the timing and magnitude of evaporation. There is minor change of the dominance of climate

modes between historical and future periods, with slight reduction in the dominance of the IOD in the future.

4 Conclusions

The CMIP5 historical and RCP8.5 future simulations provide an opportunity to assess the influence of major climate modes
on global evaporation, which plays an important role in hydrological cycle, drought monitoring and water resources
management. This paper employed tests of Granger causality and showed vigorous evaluation of possible impacts of NAO,
the IOD and ENSO on global evaporation.

The results show that ENSO is likely to have impacts on evaporation of different regions in both hemispheres, including
tropical Pacific and Indian Oceans, Indochina Peninsula, middle Asia (regions closed to Caspian Sea), Australia,
northeastern South America (i.e. Amazonia) and the Pacific coast of North and South America. The impacts of NAO are
mainly found in the North Atlantic and European regions while the notable influence of the IOD is limited in western
tropical Indian Ocean and part of eastern tropical Pacific. There is high agreement between models in simulating the effects
of climate modes on evaporation of these regions. Despite more extreme IOD events are expected in the future (Cai et al.,
2013, 2014), the spatial influences of the IOD on evaporation are slightly less significant in the 2006-2100 period compared
to the 1906-2000 period. These results imply that the effects on evaporation of the extreme states of the IOD do not persist

long enough to be significant. Moreover, in the climate system, the effects of these extreme IOD events might be
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compensated by the extreme events of other climate modes (e.g., ENSO). The weak impacts of ENSO, NAO and the IOD on
evaporation of several regions suggest the importance of external forcings (e.g. greenhouse gases radiative forcing, solar
forcing) and other climate modes on global evaporation variability. We emphasize the strong connection between considered
climate modes (i.e. ENSO, I0OD and NAO) and oceanic evaporation at interannual time scales. Land evaporation is shown to
have weak connection with teleconnection indices in several regions, suggesting the weak effects of climate modes on
important drivers of land evaporation, such as local wind speed (Stephens et al., 2018), surface temperature (Lainé et al.,
2014; Miralles et al., 2013), moisture supply (Jung et al., 2010) and amount of precipitation (Parr et al., 2016).

Our results may have suggestions for the predictability of regional evaporation (e.g. Australia, tropical Pacific, tropical
Indian and North Atlantic Oceans, the Pacific coast of North and South America, Amazonia, Europe, Indochina Peninsula
and middle Asia) by using past time series of major climate modes for a short term of several years. The results of this study
might provide information for drought and flood prediction as evaporation is an important metric for quantifying drought
(McEvoy et al., 2016) and flood events.

Uncertainty regarding the impact of major climate modes on evaporation of several regions (e.g. ENSO impacts on
evaporation of South Asia, South Africa, eastern North America, southern South America; the IOD impacts on western
Africa and South Asia; NAO impacts on North Atlantic and surrounding areas) suggests that additional works are necessary.
Further investigation about the effects of other internal climate modes (e.g., the Southern Annular Mode [SAM], the Indian
Ocean Basin [IOB] mode, the North Tropical Atlantic [NTA]) on evaporation might improve our understanding of the
response global hydrological cycle to internal climate variability. Little effort has been made to quantify the influences of
external climate factors (i.e., volcanic eruptions, solar variations, and changes in concentration of greenhouse gases) on

global evaporation, thus, these analyses might be a subject of forthcoming studies.
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Figure 1. Multi-model mean probability map for the absence of Granger causality between ENSO and annual mean evaporation for the
periods 1906-2000 (a) and 2006-2100 (b). Stippling demonstrates that at least 70% of models show agreement on the mean probability of
all models at given grid point. An individual model’s agreement is determined when the difference between the multi-model mean
probability and the selected model's probability is less than one standard deviation of multi-model mean probability. The green (red)
contour line designates p value = 0.1 (0.05). Brown shades indicate low probability for the absence of Granger causality. ENSO = El

Nifio—Southern Oscillation.
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Figure 2. As in Figure 1, but for Granger causality between IOD and annual mean evaporation. IOD = Indian Ocean Dipole.
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Figure 3. As in Figure 1, but for Granger causality between NAO and annual mean evaporation. NAO = North Atlantic Oscillation.

26



720

MODELS MEAN OF DIFFERENCE BETWEEN ENSO AND NAO - EVAPORATION: PERIOD 1808-2000 MODELS MEAN OF DIFFERENCE BETWEEN ENSO AND NAO - EVAPORATICN: PERIOD 2006-2100

-05 0.4 -03 -0.2 a1 [ 0.1 02 03 04 0.5 05 -04 -03 02 0.1 0 01 02 03 o4 as
MODELS MEAN OF DIFFERENCE BETWEEN ENSO AND 10D - EVAPORATION: PERIOD 1906-2000 MODELS MEAN OF DIFFERENCE BETWEEN ENSO AND 10D - EVAPORATION PERIOD 2008-2100

1 = o
05 04 03 02 a1 o 01 02 03 04 05 05 04 03 02 01 o 01 02 03 04 as
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Figure 4. Difference in multi-model mean probability for the absence of Granger causality between a pair of climate modes and annual
mean evaporation. The results are shown for the periods 1906-2000 (a, b, ¢) and 2006-2100 (d, e, f). ENSO minus NAO (a, d). ENSO
minus 10D (b, €). NAO minus IOD (c, f). Blue shades indicate lower probability for the absence of Granger causality. ENSO = El Nifio—
Southern Oscillation. NAO = North Atlantic Oscillation. IOD = Indian Ocean Dipole.
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Figure 5. Fraction of Earth surface for land and ocean with probability for the absence of Granger causality between climate modes and
evaporation less than 0.1 (i.e., p value < 0.1). The results are shown for the influence of individual climate mode on annual mean
evaporation for periods 1906-2000 (a) and 2006-2100 (b). Fraction areas influenced by ENSO, NAO and IOD are shown in blue, red and
yellow bars, respectively. Several fraction areas are close to zero. ENSO = El Nifio—Southern Oscillation. NAO = North Atlantic
Oscillation. IOD = Indian Ocean Dipole.
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Figure 6. Difference of probability for the absence of Granger causality of individual climate mode on annual mean evaporation between
periods 1906-2000 and 2006-2100 (i.e., period 1906-2000 minus period 2006-2100). The results are shown for ENSO (a), IOD (b) and
NAO (c). Blue shades indicate lower probability of no Granger causality during period 1906-2000 compared to period 2006-2100. Brown
shades indicate lower probability of no Granger causality during period 2006-2100 compared to period 1906-2000. ENSO = El Nifio—
Southern Oscillation. NAO = North Atlantic Oscillation. IOD = Indian Ocean Dipole.
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Figure 7. The predominance of single climate mode on regional evaporation for periods 1906-2000 (a) and 2006-2100 (b). The
predominance of a climate mode at a grid point is defined when the lowest p value of all climate modes (see also Figures 1, 2 and 3) at the
given grid point is less than 0.25 (i.e., climate modes are unlikely to have no causal effects on evaporation). The predominance of ENSO,
NAO and the IOD on evaporation are shown in red, blue and green shades, respectively. ENSO = El Nifio—Southern Oscillation. NAO =
North Atlantic Oscillation. IOD = Indian Ocean Dipole.
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