Below we respond to the editor decision

Editor Decision: Reconsider after major revisions (further review by Editor and Referees) (16 Nov 2016) by
Hannah Cloke

Comments to the Author:

This manuscript generated a lively scientific discussion. As the authors have pointed out, the discussion is
now much longer than the manuscript itself. This is clearly an important and timely topic for the HESS
readership.

Overall | find that although there is scientific merit in this work, the conclusions are too strong and the
assumptions not clearly enough defined.

In particular:

1. I do not agree with the authors that they have "clearly stated our assumptions and presented our
results under these assumptions”. | do not find the assumptions easy to follow. Many of them are not
made explicit and the burden of understanding the assumption is placed on the reader already knowing
or reading about it elsewhere. Please can you take more space to identify the consequences of the
modelling and parameterizations - i.e. the impacts on and uncertainties in your results and conclusions.
Although it is common to say that ‘'model world' results are applicable to the real world it would be much
more robust to present these alongside a clear indication of the main assumptions. | would suggest a
whole section on assumptions and their consequences would be one way to address this.

2. | also find the conclusion of 'disproving' LS16's estimates not adequately supported by the evidence
provided. Your work does suggest a discrepancy but you do not show evidence that disproves this. | would
agree with the comments of the Referees and other comments here. You will need to modify your
statements. A much clearer explanation of why there might be differences between different methods
would be valuable here.

3. A much clearer review of LS16 and other atmospheric residence time work would no doubt help the
readability of the manuscript and assist the reader in following your arguments. Please take some space
to undertake this.

Your summary of anticipated changes to your manuscript addresses to some degree most of the main
referee comments and my three main concerns made above and thus | look forward to receiving your
revised manuscript.




Dear editor,

We are grateful for the fact that you see the importance, timeliness and scientific merit of our work. In
the revised version we have highlighted our assumptions and the effect on our results more clearly.

We agree that our assumptions could have been stated more clearly. In the revised manuscript, we have,
however, not added on whole section of assumptions and consequences, but we have discussed the
effect of our assumptions, or assumptions made in other studies, or assumptions in general, alongside
the presented results in the manuscript. Moreover, we have added a disclaimer in our conclusions
section.

Indeed, we would like to show the reader that the established knowledge of a global average residence
time of atmospheric water being 8-10 days must be valid. As a consequence, the estimate of 4-5 days by
LS16 cannot be valid, however, to pinpoint exactly why LS16 find such a low residence time would
require the set-up of a whole new study, collaborative experiments with the group of Sodemann, and
preferably another group with an online tracking method. We would very much like to do this, but this
goes beyond the scope of this paper. In the revised manuscript, we have done all we can to show why
we think the 8-10 days estimate must be valid. We have approached the question from a physical mass
balance point-of-view, give factual statements about assumptions not addressed in LS16, and have now
included a supplement that, in our opinion, gives strong counterarguments against the
counterarguments by LS16. Following your suggestion, we have removed any strong vocabulary and
improved the clarity of our review of previous work. We think that we have built a strong case for the 8-
10 days estimate, but in the end it is up to the reader to decide, which line of thought he/she agrees
with.

That being said, we actually hope that the reader mainly focuses on the innovative results presented in
our figures rather than on the global average estimate discrepancy with LS16. We look forward to a
continued review process.

Utrecht, 25-11-2016

Ruud van der Ent
Obbe Tuinenburg
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The residence time of water in the atmosphere revisited

Ruud J. van der Ent' and Obbe A. Tuinenburg?
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Correspondence to: Ruud J. van der Ent (r.j.vanderent@uu.nl)

Abstract. This paper revisits the knowledge on the residence time of water in the atmosphere. Based on state-of-the-art data
of the hydrological cycle we derive a global average residence time of 8.940.4 days (uncertainty given as one standard devia-
tion). We use two different atmospheric moisture tracking models (WAM-2layers and 3D-Trajectories) to obtain atmospheric
residence time characteristics in time and space. The tracking models estimate the global average residence time to be around
8.5 days based on ERA-Interim data. We conclude that fhelstatementioh a recent Study'that the global average residence time
of water in the atmosphere @8 4-5 days, is not correct. We derive spatial maps of residence time, attributed to evaporation and
precipitation, and age of atmospheric water, showing that there are different ways of looking at temporal characteristics of at-
mospheric water. Longer evaporation residence times often indicate larger distances towards areas of high precipitation. From
our analysis we find that the residence time over the ocean is about 2 days lower than over land. It can be seen that in winter,
the age of atmospheric moisture tends to be much lower than in summer. On the Northern Hemisphere, due to the contrast in
ocean=to=land temperature and associated evaporation rates, the age of atmospheric moisture increases following atmospheric
moisture flow inland in winter, and decreases in summer. Looking at the probability density functions of atmospheric res-
idence time for precipitation and evaporation we find long-tailed distributions with the median around 5 days. Overall, our
research confirms the 8—10 days traditional estimate for the global mean residence time of atmospheric water, and our research

contributes to a more complete view on the characteristics of the turnover of water in the atmosphere in time and space.

1 Introduction

The time it takes before evaporated water from land and oceans is returned to the land surface as precipitation is a fundamental
characteristic of the Earth’s hydrological cycle. This atmospheric residence time of moisture is not often discussed in the
scientific research literature. The global average residence time of atmospheric moisture is mostly seen as non-controversial
knowledge in textbooks (e.g., Chow et al., 1988; Hendriks, 2010; Jones, 1997; Ward and Robinson, 2000), general water
literature (e.g., Bodnar et al., 2013; Savenije, 2000) and educational web pages (e.g., UCAR, 2011). All of these examples
estimate the global average residence time of atmospheric moisture based on the size of the atmospheric reservoir divided by
the incoming or outgoing flux and as such arrive at estimates in the range of 0.022-0.027 years or 8-10 days.

While the global average residence time is a simple estimate, spatial and temporal pictures of residence times are more

difficult to provide. Local depletion times, given by W/ P, and local festoration times, given by W/E (where W is water
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i the local atmospheric column, P is precipitation and E is evaporation), were computed near-globally by Trenberth (1998) and

van der Ent and Savenije (2011). When horizontal moisture transport is small compared to precipitation and evaporation they
provide a proxy for the residence time. However, it is safer to interpret them as 16€al time scales of @EMOSpheric) moisture
recycling (van der Ent and Savenije, 2011). Trenberth (1998) found a global average residence time of atmospheric moisture
of 8.9 days based on evaporation and 9.1 days based on precipitation, and attributed this difference to the input data having a
non-closure of the global water balance. On the other hand, global spatial average 16€al depletion times and #estoration times
were found to be 8.1 days and 8.5 days respectively. The difference with the global moisture weighted values was explained
by the heterogeneous distribution of evaporation and precipitation over the Earth and their spatial correlation with atmospheric
moisture.

Moisture tracking models also allow for the estimation of atmospheric moisture residence time. A semi-Lagrangian method
of (passive water vapor tracers in a general circulation model was used to perform a special experiment in which all atmospheric
water was tagged, after which it was evaluated how fast the tagged water rains out (Bosilovich and Schubert, 2002; Bosilovich
et al., 2002). To clarify, in this experiment the atmosphere was replenished by evaporation, but this water was not tagged.
The outcome of this analysis was a global average residence time of 8.5 days {#May) (Bosilovich and Schubert, 2002) and
9.2 days infanundefineditimerperiod (Bosilovich et al., 2002) respectively. The same types of experiments were performed by
Yoshimura et al. (2004) with an offline 1-layer Eulerian moisture tracking model using the global GAME reanalysis data. They
found a global mean residence time between 7.3 days (April) and 9.2 days (August).

The global experiments of Bosilovich et al. (2002) and Yoshimura et al. (2004) also suggest that the time it takes before
atmospheric water to rain out has a negative exponential distribution, which belongs to a Poisson process (e.g., Goessling
and Reick, 2013a@)) The median residence time can be estimated from the graphs provided by Bosilovich et al. (2002) and
Yoshimura et al. (2004) as around 6 days. On a more local scale with a pure Lagrangian moisture tracking method applied in
India, Tuinenburg et al. (2012) showed probability density functions of the time that evaporated water remains in the atmosphere
before it precipitates again. They found that evaporated water has the highest probability of staying in the atmosphere for around
5 days, but that there is a long tail of the probability distribution as many water particles still reside in the atmosphere more
than 25 days after evaporation, suggesting the mean to be much higher than the median.

In a near-global study van der Ent et al. (2014) extended the Eulerian moisture tracking model WAM-2layers to calculate
both the amount and age of tracked water. (For¢ing) their model with precipitation, wind and humidity from ERA-Interim
(ERA-I) (Dee et al., 2011), and evaporation from the global hydrological model STEAM (Wang-Erlandsson et al., 2014)
they computed atmospheric residence times over land. As such, they found that the residence time of land precipitation is
9.7 days and of precipitation recycled over land is 6.4 days. For evaporation they found a residence time of 8.7 days, with fast
evaporation processes (interception, soil and open water evaporation) having a residence time of 8.1 days versus a residence
time of 9.1 days for transpiration. In addition to these averages, they also showed spatial maps of residence times, but these
refer to the fraction that recycles only, which is relatively fast compared to the average residence times. South America popped
op as the continent with the lowest atmospheric residence times, which were shown to be around 4 days for moisture recycling

over land. As explained above, residence times of atmospheric moisture recycled above land are substantially lower than the
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mean residence times of total moisture. The method of age tracers was previously also used by Numaguti (1999) who found
residence times of multiple months. However, Numaguti (1999) started counting from sea evaporation in his experiments and
continued the aging after water precipitated on land, infiltrated into the soil and re-evaporated. Therefore, his results cannot be
interpreted as atmospheric residence times directly.

The established knowledge of the residence time of water in the atmosphere being 8—10 days was recently challenged

Liderach and Sodemann (2016). They used backward trajectories computed by the Lagrangian particle tracking method
PART (forced with ERA-I) and concluded that the global mean residence time of water in the atmosphere is 4-5 days,
If of the traditional estimates. More precisely, they calculated the residence time to be 3.91+0.8 days (spatial variability
by one standard deviation) for 15-day backward {fajectories; 4.4 days for 20-day backward {fajectories; and showed
An obvious €andidate for the discrepancy with the prevailing knowledge is the length of
ries, however, they stated that almost 100 % of the original moisture can be attributed to evaporation after 20 days,
er backtracking is unphysical and can never come close to the 8-10 days estimate. (Hére;wewould'like to'point

Léderach and Sodemann (2016)anely hat theirmetiodology)

to /=704 -10* kin® yr~". Using the numbers obtained by Stohl and

the €stimates of fesidence times downward?

residence (imelestinates by Ividerach and SodemanA2016)) we Will argue in this paper that iEse

bjective of this paper is to revisit the current knowledge and provide a state-of-the-art view in time and space of the
ce time of water in the atmosphere using several different approaches. (TableNliprovidesiaion=exhatstiveroverview of)
residence time (of water in the atmosphere found by the studies mentioned in this‘introduction. Section 2
plains the methods used in this study. In Section 3 we explain why the global average residence time estimates based
on quantifications of the global hydrological cycle are valid and the counterarguments provided by Liderach and Sodemann
(2016) are not. In Section 4 we provide fi€at=global spatial pictures of atmospheric residence time above land and sea. Section 5
analyzes the probability density function of residence time of atmospheric water particles, and finally, in Section 6 we state the

conclusions of this paper.
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2 Methods
2.1 Global hydrological data

In this paper we use flux estimates of the global hydrological cycle as provided by Rodell et al. (2015). More specifically,
we use the estimates of Rodell et al. (2015) that were optimized by forcing water and energy budget closure, taking into

account uncertainty in the original estimates. For the estimation of precipitable water in the atmosphere we use the average

8 reanalysis datasets provided by Trenberth et al. (2011) and we estimate uncertainty therein by calculating the variance of
8 datasets assuming equal probability. The data describe the period of 2002-2008 (Trenberth et al., 2011) and the period
oximately the first decade of the 21th century (Rodell et al., 2015) respectively, but in the latter case it depends on the
g input data. Moreover, we use global ERA-I precipitation and evaporation for the period 2002-2008 to compute the
2d on ERA-I only.

e tracking models | |

erent moisture tracking models, namely WAM-2layers (Water Accounting Model — 2 layers) (van der Ent, 2014,

(3-Dimensional — Trajectories) (Tuinenburg, 2013)based on Difmeyer and Brubaker (1999)! These models are

prangian Offlifi®@ moisture tracking models respectively and we refer to their respective references for a detailed

Both models are improved
ons and were validated against a detailed online moisture tracking method within @fegional'climatemodel)
der Ent et al,, 2013). We force the models with global ERA-I data from which we use 2D
precipitation and evaporation, 6-hourly surface pressure, specific humidity and zonal and meridional wind
levels covering the entire atmosphere from zero to surface pressure. Additionally, for 3D-T, we use 6-hourly
peeds on model levels. We use and present the data for the period 2002-2008, exactly corresponding to the
1 by Trenberth et al. (2011) and approximately the period studied by Rodell et al. (2015). For both models we
ional time steps of 0.25 hour. For WAM-2layers we use 1 additional year at the beginning or end of this period
and a grid size of 1.5° latitude x 1.5° longitude. (Verticallexchangerbetweenithertworlayersiisiparamettizediand
In the Lagrangian moisture tracking model we use a finer
on, 0.25° x(0125%) and we release one parcel every hour for each grid Celllatarandom horizontallocation’ MheNnitial
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2.2.1 Experiments with WAM-2layers

The model calculates the age N, of the tagged moisture present in a grid cell layer according to the following formula:

Wi (Ny™ + At + > sipniabiing + At)
- - Rt
= FoauAt (N + At) — PpAt (NJ7'+ At) + g A=

wi ’

g

Nt = (1

where, the subscript , stands for tagged water. (The Superscripts * and =" are the current and previous tifme Step respectively:
Atis'the length of the time step: Vg jin stands for the age of the tagged water coming into the grid cell layer:Fy i and gt
are the incoming and outgoing fluxes over the (vertical and horizontal) boundaries of a grid cell layer. |

With WAM-2layers we perform 4 experiments. In the first experiment we track continentally evaporated water over the
globe until it precipitates and explicitly calculate the average age in each model layer of each grid cell at every time step. In the
second experiment we do exactly the same, but now we backtrack continental precipitation to its origin. The third and fourth
experiment are equal to the first and second, but now for tracking of oceanic evaporation and precipitation respectively.

The combined continental and oceanic tracking results are used to obtain global estimates (see Fig. 1) as well as spatial
pictures of residence time and age of water in the atmosphere (see Figs. 25133 and (S1)) WAM-2layers does not work well with
very small grid cells near the poles (time steps need to be very small to ensure stability, due to the explicit scheme used), thus
we use data only between 80° S and 80° N (missing about 1 % of the Earth surface), and present our results between 75° S and
75° N (missing less than 3 % of the Earth surface). (FaggediWwatericrossing theselboundariesiisiconsideredlost) For the global
water balance calculations we do include data from the entire Earth, but evaporation and precipitation are very low at these

high latitudes (about 0.2 % of the global hydrological cycle) and, thus, do not affect the results very much.

20 ,2.2.2 Experiments with 3D-Trajectories

25

With the Lagrangian moisture-tracking model, we perform a forward and a backward experiment. In the forward experiment,
evaporation parcels from the Earth’s surface are tracked through the atmosphere forward in time to their next precipitation
location. In the backward experiment, precipitation parcels are tracked backward in time to their previous evaporation location.

Every time a moisture parcel (either evaporation or precipitation) is tracked forward or backward, its moisture balance is
made during every time step. As a result of this moisture balance, we allocate a fraction of the original moisture to leave the
atmospheric water cycle at that location. For example, in the forward experiment, we allocate a part of the evaporated water to
each precipitation event located along the moisture trajectory. This procedure provides a probability density of the atmospheric
residence time of the evaporation that is tracked forward or the precipitation that is tracked backward. The moisture is followed
through the atmosphere during a period of 30 days, and, the residence time is accounted for the volume of moisture that leaves
the atmosphere. After 30 days of tracking, if there is moisture that is unaccounted for, it is assumed to have a residence time of
30 days.
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For each 0.25° grid cell (see Figs. 25133 and (S1)} these probability densities (see Fig. 4) are summed for all time steps
during 2002=20083 weighted by the amount of evaporation or precipitation during the time of release. To acquire a global

mean residence time, the global mean of local mean residence times are determined by weighting by total evaporation or

ecipitation volume (see Fig. 1).

the global average residence time of water in the atmosphere is 8—10 days

d like to know the average residence time 7 in any reservoir one simply divides its average mass M (or volume

g constant density) by its average outgoing mass flux F' (which equals the ingoing flux when there is no change

(@)

a simple formula, computation of reliable residence times in, for example, a surface water lake may be
any uncertainties in a lake’s volume, hydraulic flow, precipitation, evaporation and seepage (e.g., Monsen
over, a lake may be permanently stratified (i.e. there is permanent dead storage) and one could argue that the
cipating in the water cycle of the lake does not equal the lake’s total volume, meaning that the actual average
omes lower. If one can, however, reliably estimate a lake’s volume and in- or outflow, it is not necessary
ell-mixed for Eq. (2) to hold, fioristitnecessary for 7 o be'constant The mere necessity is that the entire
s in the water cycle. Of course, one could still have significant local differences, but the average can reliably
q. (2).

h’s entire atmosphere is considered to be the reservoir of study, its residence time can actually be calculated
that of a lake. In the global case the only inflow is evaporation and the only outflow is precipitation. Moreover,

ent nature of the atmosphere all water that resides in the atmosphere also participates in the atmospheric water

e is no such thing as permanent dead water storage (e.g., Jacobson, 1999). (FhiSliSiufthermoresupportedibyithe

A
e use of Eq. (2) to calculate the global mean residence time of atmospheric water has been @€éntlycriticized by Liderach

d Sodemann (2016). They argued that Eq. (2) is@)not a reliable estimator f6fI6CaAIFESIASACENMES as it does not involve
horizontal moisture transport, b) should be corrected for the surface are of the Earth where most precipitation is observed, and
©) that the temporal characteristics of global precipitation cannot measured by depletion time constants. However, we disagree
(with these arguments'as'a*®) horizontal moisture transport is irrelevant for the global average value, (E¥)IthelStffacerarcalof the)
[Earth is irrelevant as it is not in Eq. (2), but nonetheless all areas participate in the hydrological cycle as there is also transport
even over the Sahara (e.g.. Goessling and Reick, 2013b; Schicker et al., 2010), and ¢*) the values in Eq. (2) correspond to
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the elemental physical concept that an average residence time can be calculated from dividing a stock by its average influx or

entire atmospheric volume participates in the hydrological cycle. Thus, Eq. (2) €an;ifil6uropinion; safely be used to
e global average residence time of atmospheric water.

o Eq. (2) on estimates of the global hydrological cycle (Fig. 1) yields a global mean residence time of atmospheric
+0.4 days (uncertainty indicated by one standard deviation). The calculation of the mean is as follows:

6-103

16.5)-10° = 0.024 years = 8.9 days, 3)

ard deviation was calculated by general uncertainty propagation theory. The 1*" and 99" percentile of this
and 9.8 days respectively. All previous(globaliavérage)estimates referred to in this paper@ughl§)fall within this
((Tablenl); except for the estimate provided by Liderach and Sodemann{(2016); which is less than half:Based

days equals 1-10~*) . Even if we make the assumption that water outside the troposphere,

by Iiderach

igure 1 shows several estimates of global residence times. ERA-I fluxes fall well within the uncertainty ranges provided
based on global ERA-I@afaj is slightly on the low side of the uncertainty spectrum. The estimates from our moisture tracking
methods (WAM-2layers and 3D-T), which use ERA-I, match quite well for global mean atmospheric residence time. The
moisture tracking estimates split out for land and ocean are, therefore, slightly lower than the most likely ¥alue'of 8:9'daysh

However, it is clear that the turnover of water in the atmosphere is faster over the ocean than over land, having a difference

of about 2 v~ The logical explanation here is that the hydrological cycle over the ocean is not limited by dry conditions on
land, and, as a consequence, is more intense.
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4 A spatial view on the residence time of atmospheric moisture

Figure 2 provides a near-global spatial view of the annual average hydrological cycle, atmospheric residence times and age.

the precipitation in Portugal comes for a large part from oceanic sources
we Estimate that iSThas

AA
e would like to stress that there are multiple ways of looking at the residence of atmospheric moisture. Whether

sidence time from a precipitation perspective (Fig. 2¢) or an evaporation perspective (Fig. 2d) gives an entirely

ure. In the precipitation perspective, the time from the previous evaporation is stressed, while in the evaporation

the time to the next precipitation event s stressed. (THEIAERMIGORONAMATTOSPhETCHEsdEnCE mERTonbot

Moreover, you can also look at the actual age of atmospheric water as it

es in the atmosphere (Fig. 2¢). (Figure2Rprovides thelatitdinaliaveragesion Figsn2csenas el asion the estimates fiom

Figure 2c is directly comparable to a recent estimate (Ldderach and Sodemann, 2016, Fig. 2a). Their spatial patterns are

very similar, however, we observe that they underestimate the residence time everywhere with a factor 2=3/¢ompared o our

results. As pointed out in the introduction, the method of Laderach and Sodemann (2016) relies on the unevaluated assumption
that they can accurately attribute evaporation, and on a rather short length of their trajectories (15 or 20 days). In contrast, our
‘methods use longer trajectories (WAM-2layers: continuous; 3D-T: 30 days), and use the fields of ERA-I evaporation directly.
Moreover, our global average values fit with the atmospheric water balance (Eq. (2) and Fig. 1). For an extensive discussion of
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‘We make the following observations based on Fig. 2: |

— The places of low precipitation residence times (Fig. 2c¢) coincide mostly with areas of low precipitation (Fig. 2a). This

indicates that if there is precipitation its water content has recently evaporated and is most likely of local @Ffigin: NGte

ertropical convergence zone (ITCZ) has increasing precipitation residence times (Fig. 2¢) and decreasing evapo-
sidence times (Fig. 2d) towards its center. This holds over the ocean as well as over the northern Amazon and
. The atmospheric residence time of evaporation (Fig. 2d) can often be seen as an indication of the moisture

nce towards an area of high precipitation such as the ITCZ;

hemisphere ocean (roughly between 45° S—75° S) has evaporation residence times (Fig. 2d) of less than
e absolute evaporation is low (Fig. 2b). This can be explained by relatively high precipitation rates (Fig. 2a)
i@ amount of atmospheric Watervapon that is in the air (e.g., NASA Earth Observatory, 2016), so evapora-

ick turnover.

ara, age of atmospheric water (Fig. 2e) as well as residence times (Fig. 2c,d) are more than 15 days,
at moisture comes from remote sources. Over the Tibetan Plateau there is a reversed situation where the age

ric water and residence times are low relative to surrounding values.

ing the atmospheric moisture flow inland from the coast, the age of atmospheric water increases (Fig. 2e), as

sidence time of precipitation. This feature is very clear over Eurasia, but can be observed on other continents

nally averaged ((Figl2f)Jithe precipitation residence time peaks towards the poles and the equator. This is in
elation with the residence time of evaporation. This corresponds with the Hadley and Ferrel cells, transporting
orated atmospheric moisture from the high-pressure zones with the prevailing trade winds and westerlies towards
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ure 3 shows the age and residence times of atmospheric water in January and July. In January (Fig. 3a) the age of

ospheric water is relatively low @ the Northern Hemisphere, and relatively high G the Southern Hemisphere. In July
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Over the continents, especially Eurasia, the pattern @ffafffioSpheticiwateriage) is complex and we observe an interesting
ocean-to-land (€onrast(Figi3)! In January, looking at the Northern Hemisphere, the ocean is relatively warm compared to the
land and the age of atmospheric water increases going inland, as there is little replenishment from land evaporation. In July
the opposite situation occurs: the ocean is relatively cool compared to the land and the age of atmospheric water decreases
going inland. This corresponds to high evaporation rates and corresponding high continental moisture recycling ratios (e.g.,
Dirmeyer et al., 2014; van der Ent, 2014). As a{esult) the atmospheric water age over a large part of Asia is actually lower
in July compared to January. Over the Southern Hemisphere we see the same ocean-to-land contrast, but it is less pronounced
as there is relatively little land present. The latitudinally averaged residence times of precipitation and evaporation (Fig. 3b,d)

also show the summer vs. winter reversal.

5 The probability density function of the residence time of atmospheric moisture

Figure 4 shows probability density functions (PDFs) for residence times. Theoretically, the global PDFs of evaporation and

precipitation residence time should be identical. However, they slightly differ, which can be attributed to inconsistencies in the

[ERA=D forcing data as well as the assumptions made in the tracking model. REgardifigitherforcing datayitiseemsifrom Figil

(ZookingratiFig) 4rwerseerthat'Short residence times have the highest probability, but there is a long tail with low proba-
bilities and high residence times. We fifid the median residence time of precipitation and evaporation to be 5.7 and 4.6 days

respectively. Thus, the median is about 3 to 4 days less than the mean (see Fig. 1), indicating that the long tails skew the mean

significantly. About 5 % of the moisture has residence times of more than 30 days., which we assumed to have a residence time
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lower than the ‘true’ values. It is unclear how Liderach and Sodemann (2016) have dealt with the unattributed moisture after
the end of their trajectories, but they already attributed 97 % of the initial precipitation to evaporation after just 15 days in their

5 Lagrangian model. In Section 3, however, we argued that this is physically impossible from a global mass balance perspective.
We (iifthéfifiore observe an interesting daily cycle in the residence time PDFs over landi(Figi4); while the @efiéfal) shape of

ocean and land PDFs is not very different when looking at timescales of multiple days. We suggest that the daily cooling and
warming, resulting in a daily cycle of land evaporation, and a higher likelihood of precipitation to occur fowards the end of the
day, causes the daily cycle in the residence time PDFs. This phenomenon is only visible over land, as here surface cooling and

@0 warming occurs with much greater amplitude than over the ocean. These cycles are still visible after multiple days (Fig. 4).

6 Conclusions

In this paper we studied the residence time of water in the atmosphere. We revisited the state-of-the-art knowledge and studied

its properties in time and space on a global scale. ASdisCusSedAprevious Sections o esults are matallylimitedibyithe
15 following main conclusions:

- (Giventherstate=of:thesarestimates o thehydrologicalieyelenthe global mean residence time of atmospheric water is
8190 days (uncertainty indicated by one standard deviation). The 1" and 99" percentile of this estimate are 7.9 and |

The average atmospheric residence time over the ocean is about 2 days lower than over land; |

Locally, there are different perspectives of looking at residence time. Atmospheric residence time of evaporation can
often be seen as an indication of the moisture travel distance towards an area of high precipitation such as the ITCZ,

while atmospheric residence time of precipitation is often more complex;

Latitudinally averaged, gesidence time @f preCipitation peaks towards the poles and the equator, which is in anticorrelation

with the residence time of evaporation;

In winter, the age of atmospheric water is generally several days lower than in summer;

In the Northern Hemisphere, following atmospheric moisture ifland} the age of atmospheric water increases when the
sea is relatively warm compared to the land and decreases when the sea is relatively cold. This cannot clearly be observed
i the Southern (HemiSphere;) where less continental mass is present;

— Probability density functions of atmospheric residence time have long tails, with a global median of around 5 days.

Author contributions. R.J.v.d.E. and O.A.T. designed the study, performed the analysis and wrote the paper.
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Figure 1. Earth’s hydrological cycle with residence times (2002-2008). All residence times shown are weighted averages. The uncertainty
ranges indicated for the residence times from the moisture tracking methods refer to the uncertainty associated with model choice (WAM-
2layers or 3D-Trajectories). Trel1 stands for Trenberth et al. (2011) and Rod15 stands for Rodell et al. (2015). The land area is 147 - 10° km?

and the ocean area is 363 - 10° km?.
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Figure 2. Annual average hydrological cycle, atmospheric residence times and age for 2002-2008, based on ERA-Interim data. (a) Precipi-

tation, (b) evaporation, (c) weighted average atmospheric residence time of precipitation (average of WAM-2layers and 3D-T), (d) weighted

average atmospheric residence time of precipitation (average of WAM-2layers and 3D-T), and (e) time averaged age of atmospheric water

as it is the atmospheric column (WAM-2layers). The arrows indicate the vertically integrated moisture fluxes. (f) Latitudinal averages. The

individual estimates from WAM-2layers and 3D-T for panels (c) and (d) can be found in the Supplement (Fig. S1). The age of atmospheric

water (e) for all days individually can also be found in the Supplement (Animation 1).
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Figure S 2. Atmospheric residence times in January and July for 2002-2008, based on ERA-Interim data (averages of WAM-2layers and

3D-T).
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The residence time of water in the atmosphere revisited

Ruud J. van der Ent' and Obbe A. Tuinenburg?
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Abstract. This paper revisits the knowledge on the residence time of water in the atmosphere. Based on state-of-the-art data
of the hydrological cycle we derive a global average residence time of 8.940.4 days (uncertainty given as one standard devia-
tion). We use two different atmospheric moisture tracking models (WAM-2layers and 3D-Trajectories) to obtain atmospheric
residence time characteristics in time and space. The tracking models estimate the global average residence time to be around
8.5 days based on ERA-Interim data. We conclude that a recent §tudy; €laiming the global average residence time of water in
the atmosphere t6'be 45 days, is not correct. We derive spatial maps of residence time, attributed to evaporation and precipita-
tion, and age of atmospheric water, showing that there are different ways of looking at temporal characteristics of atmospheric
water. Longer evaporation residence times often indicate larger distances towards areas of high precipitation. From our analysis
we find that the residence time over the ocean is about 2 days lower than over land. It can be seen that in winter, the age of
atmospheric moisture tends to be much lower than in summer. On the Northern Hemisphere, due to the contrast in ©cean=to-
land temperature and associated evaporation rates, the age of atmospheric moisture increases following atmospheric moisture
flow inland in winter, and decreases in summer. Looking at the probability density functions of atmospheric residence time for
precipitation and evaporation we find long-tailed distributions with the median around 5 days. Overall, our research confirms
the 8—10 days traditional estimate for the global mean residence time of atmospheric water, and our research contributes to a

more complete view on the characteristics of the turnover of water in the atmosphere in time and space.

1 Introduction

The time it takes before evaporated water from land and oceans is returned to the land surface as precipitation is a fundamental
characteristic of the Earth’s hydrological cycle. This atmospheric residence time of moisture is not often discussed in the
scientific research literature. The global average residence time of atmospheric moisture is mostly seen as non-controversial
knowledge in textbooks (e.g., Chow et al., 1988; Hendriks, 2010; Jones, 1997; Ward and Robinson, 2000), general water
literature (e.g., Bodnar et al., 2013; Savenije, 2000) and educational web pages (e.g., UCAR, 2011). All of these examples
estimate the global average residence time of atmospheric moisture based on the size of the atmospheric reservoir divided by
the incoming or outgoing flux and as such arrive at estimates in the range of 0.022-0.027 years or 8-10 days.

While the global average residence time is a simple estimate, spatial and temporal pictures of residence times are more

difficult to provide. Local depletion times, given by W/ P, and local feplenishment times, given by W/E (where W is water
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in the local atmospheric column, P is precipitation and F is evaporation), were computed near-globally by Trenberth (1998)
and van der Ent and Savenije (2011). When horizontal moisture transport is small compared to precipitation and evaporation
they provide a proxy for the residence time. However, it is safer to interpret them as time scales of 16€al moisture feedback
(van der Ent and Savenije, 2011). Trenberth (1998) found a global average residence time of atmospheric moisture of 8.9 days
based on evaporation and 9.1 days based on precipitation, and attributed this difference to the input data having a non-closure
of the global water balance. On the other hand, global spatial average depletion times and féplenishiiént times were found to
be 8.1 days and 8.5 days respectively. The difference with the global moisture weighted values was explained by the heteroge-
neous distribution of evaporation and precipitation over the Earth and their spatial correlation with atmospheric moisture.

Moisture tracking models also allow for the estimation of atmospheric moisture residence time. A semi-Lagrangian method
of water vapor tracers in a general circulation model was used to perform a special experiment in which all atmospheric water
was tagged, after which it was evaluated how fast the tagged water rains out (Bosilovich and Schubert, 2002; Bosilovich
et al., 2002). To clarify, in this experiment the atmosphere was replenished by evaporation, but this water was not tagged.
The outcome of this analysis was a global average residence time of 8.5 days (Bosilovich and Schubert, 2002) and 9.2 days
(Bosilovich et al., 2002) respectively. No-details-were-given-whether-these-experiments-were-performed-in-summer-or-winter;
which-could-probably-influence-the-outcome-to-some-extent: The same types of experiments were performed by Yoshimura
et al. (2004) with an offline 1-layer Eulerian moisture tracking model using the global GAME reanalysis data. They found a
global mean residence time between 7.3 days (April) and 9.2 days (August).

The global experiments of Bosilovich et al. (2002) and Yoshimura et al. (2004) also suggest that the time it takes before
atmospheric water to rain out has a negative exponential distribution, which belongs to a Poisson process (e.g., Goessling and
Reick,2013)) The median residence time can be estimated from the graphs provided by Bosilovich et al. (2002) and Yoshimura
et al. (2004) as around 6 days. On a more local scale with a pure Lagrangian moisture tracking method applied in India,
Tuinenburg et al. (2012) showed probability density functions of the time that evaporated water remains in the atmosphere
before it precipitates again. They found that evaporated water has the highest probability of staying in the atmosphere for
around 5 days, but that there is a long tail of the probability distribution as many water particles still reside in the atmosphere
more than 25 days after evaporation, suggesting the mean to be much higher than the median.

In a near-global study van der Ent et al. (2014) extended the Eulerian moisture tracking model WAM-2layers to calculate
both the amount and age of tracked water. (Fé€dinig their model with precipitation, wind and humidity from ERA-Interim
(ERA-I) (Dee et al., 2011), and evaporation from the global hydrological model STEAM (Wang-Erlandsson et al., 2014)
they computed atmospheric residence times over land. As such, they found that the residence time of land precipitation is
9.7 days and of precipitation recycled over land is 6.4 days. For evaporation they found a residence time of 8.7 days, with fast
evaporation processes (interception, soil and open water evaporation) having a residence time of 8.1 days versus a residence
time of 9.1 days for transpiration. In addition to these averages, they also showed spatial maps of residence times, but these
refer to the fraction that recycles only, which is relatively fast compared to the average residence times. South America popped
op as the continent with the lowest atmospheric residence times, which were shown to be around 4 days for moisture recycling

over land. As explained above, residence times of atmospheric moisture recycled above land are substantially lower than the
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mean residence times of total moisture. The method of age tracers was previously also used by Numaguti (1999) who found
residence times of multiple months. However, Numaguti (1999) started counting from sea evaporation in his experiments and
continued the aging after water precipitated on land, infiltrated into the soil and re-evaporated. Therefore, his results cannot be
interpreted as atmospheric residence times directly.

The established knowledge of the residence time of water in the atmosphere being 8—10 days was recently challenged by
Liaderach and Sodemann (2016). They used backward trajectories computed by the Lagrangian particle tracking method FLEX-
PART (forced with ERA-I) and concluded that the global mean residence time of water in the atmosphere is 4-5 days, i.e.,
half of the traditional estimates. More precisely, they calculated the residence time to be 3.940.8 days (spatial variability indi-
cated by one standard deviation) for 15-day backward {rajectoriesiand 4.4 days for 20-day backward frajectories) An obvious
possibility for the discrepancy with the prevailing knowledge is the length of their trajectories, however, they stated that al-
most 100 % of the original moisture can be attributed to evaporation after 20 days, and that further backtracking is unphysical
and can never come close to the 810 days estimate. (Rather; Liderach and Sodemann (2016)attribute this'diScreépancy to the
different meaning of depletion times and actual residence times, and provide spatial figures showing this difference globally.

The objective of this paper is to revisit the current knowledge and provide a state-of-the-art view in time and space of the
residence time of water in the atmosphere using several different approaches. Section 2 explains the methods used in this study.
In Section 3 we explain why the global average residence time estimates based on quantifications of the global hydrological
cycle are valid and the counterarguments provided by Léaderach and Sodemann (2016) are pot. In Section 4 we provide nears
global spatial pictures of atmospheric residence time above land and sea, Section 5 analyzes the probability density function

of residence time of atmospheric water particles, and finally, in Section 6 we state the conclusions of this paper.

2 Methods
2.1 Global hydrological data

In this paper we use flux estimates of the global hydrological cycle as provided by Rodell et al. (2015). More specifically,
we use the estimates of Rodell et al. (2015) that were optimized by forcing water and energy budget closure, taking into
account uncertainty in the original estimates. For the estimation of precipitable water in the atmosphere we use the average
of 8 reanalysis datasets provided by Trenberth et al. (2011) and we estimate uncertainty therein by calculating the variance of
the 8 datasets assuming equal probability. The data describe the period of 2002-2008 (Trenberth et al., 2011) and the period
of approximately the first decade of the 21th century (Rodell et al., 2015) respectively, but in the latter case it depends on the
underlying input data. Moreover, we use global ERA-I precipitation and evaporation for the period 2002-2008 to compute the
results based on ERA-I only.
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2.2 Moisture tracking models

We use @ different moisture tracking models, namely WAM-2layers (Water Accounting Model — 2 layers) (van der Ent, 2014,
2016) and 3D-T (3-Dimensional — Trajectories) (Tuinenburg, 2013)% These models are Eulerian and Lagrangian moisture
tracking models respectively and we refer to their respective references for a detailed description) Both models are improved
from earlier versions and were validated against a detailed online moisture tracking method within @@'RCM (Van der Ent et al.,
2013; Knoche-and-Kunstmann; 2013). We force the models with global ERA-I data from which we use 2D fields of 3-hourly
precipitation and evaporation, 6-hourly surface pressure, specific humidity and zonal and meridional wind speed on model
levels covering the entire atmosphere from zero to surface pressure. Additionally, for 3D-T, we use 6-hourly vertical wind
speeds on model levels. We use and present the data for the period 2002-2008, exactly corresponding to the period studied by
Trenberth et al. (2011) and approximately the period studied by Rodell et al. (2015). For both models we use computational
time steps of 0.25 hour. For WAM-2layers we use 1 additional year at the beginning or end of this period for spin-up and a
grid size of 1.5° latitude x 1.5° longitude. In the Lagrangian moisture tracking model we use a finer resolution, 0.25° x({0.25°,

and we release one parcel every hour for each grid €ell
2.2.1 Experiments with WAM-2layers

The model calculates the age N, of the tagged moisture present in a grid cell layer according to the following formula:

Wolt— 1) (Ng(t— 1)+ A+ 3" FNAL(NIN(G — 1)+ At)

At
=) FUAt(Ng(t — 1)+ At) — PyAt(Ny(t — 1) + At) + EyAt—

Wy (1)

Ny(t) = ; ey

where, the subscript g stands for tagged water. N;“ stands for the age of the tagged water coming into the grid cell layef and
F;“ and F;’“t are the incoming and outgoing fluxes over the (vertical and horizontal) boundaries of a grid cell layer.

With WAM-2layers we perform 4 experiments. In the first experiment we track continentally evaporated water over the
globe until it precipitates and explicitly calculate the average age in each model layer of each grid cell at every time step. In the
second experiment we do exactly the same, but now we backtrack continental precipitation to its origin. The third and fourth
experiment are equal to the first and second, but now for tracking of oceanic evaporation and precipitation respectively.

The combined continental and oceanic tracking results are used to obtain global estimates (see Fig. 1) as well as spatial
pictures of residence time and age of water in the atmosphere (see Figs. 2 and 3)) WAM-2layers does not work well with very
small grid cells near the poles (time steps need to be very small to ensure stability, due to the explicit scheme used), thus we
use data only between 80° S and 80° N (missing about 1 % of the Earth surface), and present our results between 75° S and
75° N (missing less than 3 % of the Earth surface). For the global water balance calculations we do include data from the entire
Earth, but evaporation and precipitation are very low at these high latitudes (about 0.2 % of the global hydrological cycle) and,

thus, do not affect the results very much.
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2.2.2 Experiments with 3D-Trajectories

With the Lagrangian moisture-tracking model, we perform a forward and a backward experiment. In the forward experiment,
evaporation parcels from the Earth’s surface are tracked through the atmosphere forward in time to their next precipitation
location. In the backward experiment, precipitation parcels are tracked backward in time to their previous evaporation location.

Every time a moisture parcel (either evaporation or precipitation) is tracked forward or backward, its moisture balance is
made during every time step. As a result of this moisture balance, we allocate a fraction of the original moisture to leave the
atmospheric water cycle at that location. For example, in the forward experiment, we allocate a part of the evaporated water to
each precipitation event located along the moisture trajectory. This procedure provides a probability density of the atmospheric
residence time of the evaporation that is tracked forward or the precipitation that is tracked backward. The moisture is followed
through the atmosphere during a period of 30 days, and, the residence time is accounted for the volume of moisture that leaves
the atmosphere. After 30 days of tracking, if there is moisture that is unaccounted for, it is assumed to have a residence time of
30 days.

For each 0.25° grid cell (see Figs. 2and(3)jthese probability densities (see Fig. 4) are summed for all time steps during 2002=
20083 weighted by the amount of evaporation or precipitation during the time of release. To acquire a global mean residence
time, the global mean of local mean residence times are determined by weighting by total evaporation or precipitation volume

(see Fig. 1).

3 Why the global average residence time of water in the atmosphere is 8-10 days

If one would like to know the average residence time 7 in any reservoir one simply divides its average mass M (or volume
when assuming constant density) by its average outgoing mass flux F (which equals the ingoing flux when there is no change

of mass):

2

|

Whereas this is a simple formula, computation of reliable residence times in, for example, a surface water lake may be
difficult due to many uncertainties in a lake’s volume, hydraulic flow, precipitation, evaporation and seepage (e.g., Monsen
et al., 2002). Moreover, a lake may be permanently stratified (i.e. there is permanent dead storage) and one could argue that the
actual volume participating in the water cycle of the lake does not equal the lake’s total volume, meaning that the actual average
residence time becomes lower. If one can, however, reliably estimate a lake’s volume and in- or outflow, it is not necessary
for a lake to be well-mixed for Eq. (2) to hold, #he mere necessity is that the entire volume participates in the water cycle. Of
course, one could still have significant local differences, but the average can reliably be calculated by Eq. (2).

When the Earth’s entire atmosphere is considered to be the reservoir of study, its residence time can actually be calculated
much easier than that of a lake. In the global case the only inflow is evaporation and the only outflow is precipitation. Moreover,
due to the turbulent nature of the atmosphere all water that resides in the atmosphere also participates in the atmospheric water

cycle, i.e., there is no such thing as permanent dead water storage (e.g;, Jacobson, 1999).
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The use of Eq. (2) to calculate the global mean residence time of atmospheric water has been criticized by Lidderach and
Sodemann (2016). They argued that Eq. (2) is not a reliable estimator jas it does not involve horizontal moisture {Fansport)
‘Whilst they are correct that location depletion times (van der Ent and Savenije, 2011; Trenberth, 1998) are not equal to actual
(fesidencertimes; we @rguediaboverthat horizontal moisture transport is irrelevant for the global average value, and that the |

entire atmospheric volume participates in the hydrological cycle. Thus, Eq. (2) ean safely be used to calculate the global

erage residence time of atmospheric water.
lying Eq. (2) on estimates of the global hydrological cycle (Fig. 1) yields a global mean residence time of atmospheric

8.940.4 days (uncertainty indicated by one standard deviation). The calculation of the mean is as follows:
= 0.024 years = 8.9 days, 3)

dard deviation was calculated by general uncertainty propagation theory. The 1*" and 99*" percentile of this

and 9.8 days respectively. All previous gstimates referred to in this paper Eall within this uncertainty range

AAd

except for the estimate provided by
emann ((2016)) which is less than (alffamely 3:930:8)days (Spatial'diffeérencerindicated by onerstandard
the arguments provided above we believe that the latter estimate is incorrect.

several estimates of global residence times. ERA-I fluxes fall well within the uncertainty ranges provided
A-I@afa is slightly on the low side of the uncertainty spectrum. The estimates from our moisture tracking
ayers and 3D-T), which use ERA-I, match quite well for global mean atmospheric residence time. The
stimates split out for land and ocean are, therefore, slightly lower than the most likely #alie? However, it is

ver of water in the atmosphere is faster over the ocean than over land, having a difference of about 2 days.

w on the residence time of atmospheric moisture

des a near-global spatial view of the annual average hydrological cycle, atmospheric residence times and age.
we would like to stress that there are multiple ways of looking at the residence of atmospheric moisture.
u look at residence time from a precipitation perspective (Fig. 2¢) or an evaporation perspective (Fig. 2d) gives
different picture. In the precipitation perspective, the time from the previous evaporation is stressed, while in the
tion perspective, the time to the next precipitation event is stressed. Moreover, you can also look at the actual age of
pheric water as it resides in the atmosphere (Fig. 2e). Figure 2c is directly comparable to a recent estimate (Ldderach and
demann, 2016, Fig. 2a). Their spatial patterns are very similar, however, we observe that they underestimate the residence

time everywhere with a factor 2=3(DiSiobSerVatiONleads s o suspect o fundamentaliregularitysin their Aethiods

J We make the following observations based on Fig. 2:
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The places of low precipitation residence times (Fig. 2¢) coincide mostly with areas of low precipitation (Fig. 2a). This

indicates that if there is precipitation its water content has recently evaporated and is most likely of local (Gfigif;

— The intertropical convergence zone (ITCZ) has increasing precipitation residence times (Fig. 2¢) and decreasing evapo-
ration residence times (Fig. 2d) towards its center. This holds over the ocean as well as over the northern Amazon and
Indonesia. The atmospheric residence time of evaporation (Fig. 2d) can often be seen as an indication of the moisture

travel distance towards an area of high precipitation such as the ITCZ;

— The southern hemisphere ocean (roughly between 45° S—75° S) has evaporation residence times (Fig. 2d) of less than
5 days, while absolute evaporation is low (Fig. 2b). This can be explained by relatively high precipitation rates (Fig. 2a)
compared to amount of atmospheric that is in the air (e.g., NASA Earth Observatory, 2016), so evaporation has a quick

turnover.

— Over the Sahara, age of atmospheric water (Fig. 2e) as well as residence times (Fig. 2c,d) are more than 15 days,
indicating that moisture comes from remote sources. Over the Tibetan Plateau there is a reversed situation where the age

of atmospheric water and residence times are low relative to surrounding values.

— When following the atmospheric moisture flow inland from the coast, the age of atmospheric water increases (Fig. 2e), as
does the residence time of precipitation. This feature is very clear over Eurasia, but can be observed on other continents

as well.

— Latitudinally averaged (Fig:2f)]7the precipitation residence time peaks towards the poles and the equator. This is in
anticorrelation with the residence time of evaporation. This corresponds with the Hadley and Ferrel cells, transporting
evaporated atmospheric moisture from the high-pressure zones with the prevailing trade winds and westerlies towards

areas of high precipitation.

Figure 3 shows the age and residence times of atmospheric water in January and July. In January (Fig. 3a) the age of
atmospheric water is relatively low om the Northern Hemisphere, and relatively high en the Southern Hemisphere. In July
(Fig. 3c) the pattern is reversed. Qver the continents, especially Eurasia, however; the pattern is more complex and we observe
an interesting ocean-to-land contrast? In January, looking at the Northern Hemisphere, the ocean is relatively warm compared
to the land and the age of atmospheric water increases going inland, as there is little replenishment from land evaporation. In
July the opposite situation occurs: the ocean is relatively cool compared to the land and the age of atmospheric water decreases
going inland. This corresponds to high evaporation rates and corresponding high continental moisture recycling ratios (e.g.,
Dirmeyer et al., 2014; van der Ent, 2014). As a #estlf the atmospheric water age over a large part of Asia is actually lower in
July compared to January. Over the Southern Hemisphere we see the same ocean-to-land contrast, but it is less pronounced
as there is relatively little land present. The latitudinally averaged residence times of precipitation and evaporation (Fig. 3b,d)

also show the summer vs. winter reversal.
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5 The probability density function of the residence time of atmospheric moisture

Figure 4 shows probability density functions (PDFs) for residence times. Theoretically, the global PDFs of evaporation and
precipitation residence time should be identical. However, they slightly differ, which can be attributed to inconsistencies in
the ERA=Interim forcing data as well as the assumptions made in the tracking model. Shoff residence times have the highest
probability, but there is a long tail with low probabilities and high residence times. We found the median residence time of
precipitation and evaporation to be 5.7 and 4.6 days respectively. Thus, the median is about 3 to 4 days less than the mean (see
Fig. 1), indicating that the long tails skew the mean significantly.

We pbserve an interesting daily cycle in the residence time PDFs over landj while the shape of ocean and land PDFs is not
very different when looking at timescales of multiple days. We suggest that the daily cooling and warming, resulting in a daily
cycle of land evaporation, and a higher likelihood of precipitation to occur in towards the end of the day, causes the daily cycle
in the residence time PDFs. This phenomenon is only visible over land, as here surface cooling and warming occurs with much

greater amplitude than over the ocean. These cycles are still visible after multiple days (Fig. 4).

6 Conclusions

In this paper we studied the residence time of water in the atmosphere. We revisited the state-of-the-art knowledge and studied

its properties in time and space on a global scale. Ouf main Conclusions are:

The global mean residence time of atmospheric water is @192E0®days (uncertainty indicated by one standard deviation).

The 1" and 99" percentile of this estimate are 7.9 and 9-8 days respectively;
— The average atmospheric residence time over the ocean is about 2 days lower than over land;

= Locally, there are different perspectives of looking at residence time. Atmospheric residence time of evaporation can
often be seen as an indication of the moisture travel distance towards an area of high precipitation such as the ITCZ,

while atmospheric residence time of precipitation is often more complex;

— Latitudinally averaged, preeipitation residence time peaks towards the poles and the equator, which is in anticorrelation

with the residence time of evaporation;
— In winter, the age of atmospheric water is generally several days lower than in summer;

— In the Northern Hemisphere, following atmospheric moisture ffland the age of atmospheric water increases when the sea
is relatively warm compared to the land and decreases when the sea is relatively cold. This cannot clearly be observed

on the Southern (Heémisphere where less continental mass is present;

— Probability density functions of atmospheric residence time have long tails, with a global median of around 5 days.
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Figure 1. Earth’s hydrological cycle with residence times (2002-2008). All residence times shown are weighted averages. The uncertainty
ranges indicated for the residence times from the moisture tracking methods refer to the uncertainty associated with model choice (WAM-

2layers or 3D-Trajectories). Trel1 stands for Trenberth et al. (2011) and Rod15 stands for Rodell et al. (2015). The land area is 147 - 10° km?

and the ocean area is 363 - 10° km?.
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Figure 2. Annual average hydrological cycle, atmospheric residence times and age for 2002-2008, based on ERA-Interim data. (a) Precipi-
tation, (b) evaporation, (c) weighted average atmospheric residence time of precipitation (average of WAM-2layers and 3D-T), (d) weighted
average atmospheric residence time of precipitation (average of WAM-2layers and 3D-T), and (e) time averaged age of atmospheric water
as it is the atmospheric column (WAM-2layers). The arrows indicate the vertically integrated moisture fluxes. (f) Latitudinal averages. The
individual estimates from WAM-2layers and 3D-T for panels (c) and (d) can be found in the Supplement (Fig. S1). The age of atmospheric

water (e) for all days individually can also be found in the Supplement (Animation 1).
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Figure 3. Time metrics in January and July. (a) Time-averaged age of atmospheric water in January (2002-2008) as computed by WAM-
2layers based on ERA-Interim data. The arrows indicate the vertically integrated moisture fluxes. (b) Latitudinal averages of residence times
and water age in January. (c) As (a) for July. (d) As (b) for July. The spatial residence time figures for January and July can be found in the
Supplement (Fig. S2).
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"Whenthetaggedwaterreservoiris‘full’weletthiswaterdisappearfromthemodel,however,inthenexttimestepthiswatermayagainbemixedwithnewlyevaporatedwater."
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"Duetothefactthatsomewaterdisappearedintheprevioustimestep,theresultingagemaybebiasedtowardslowervalues.Somethingsimilarhappensoverthenorthernandsouthernboundaries(at80◦latitudes),wherewaterdisappearsovertheboundaries.2"
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"5IntheLagrangian3D-Tmodel,however,weﬁndslightlyhigherresidencetimesthanwhatwouldbeexpectedfromtheglobalwaterbalance.Themixingin3D-Tisbasedon6-hourlyverticalwindspeeds,butinrealitytheremightbemoreturbulentverticalmixing.Itis,therefore,possiblethatthewaterin3D-Tremainsintheupperatmospherefortoolongleadingtoslightlyhigherresidencetimes.Moreover,in3D-T,wehaveperformedtrajectorycalculationsuntil90◦latitudeandwesetbackthetrajectoriesifthey‘disappear’overthesepolarboundaries,possiblyleadingtooverestimatedresidencetimes.Allinall,wethinkthatthemergedestimate(Fig.2inthemainpaper)givesthevaluesthatareclosesttothe‘true’residencetime.Forreasongivenabove,WAM2-layerscanbebiasedtolowervalues,whereas3D-Tcanbebiasedtohighervalues.Themergedestimatecompensatesforassumptionsmadeinbothmodels."
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"FigureS3.Atmosphericmoisturestorage(i.e.,precipitablewater),precipitationandevaporationinJanuaryandJuly(2002—2008,ERA-Interim).4"
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"DiscussionofthedisputedvalidityofglobalwaterbalancecalculationsfortheglobalaverageresidencetimeofwaterintheatmosphereAsdiscussedinourmanuscript,thecommonlyacceptedmethodtocalculatetheaverageresidencetimeofanyreservoiristodivideitsmass(orvolume)bytheinﬂuxoroutﬂuxundertheassumptionthatthetotalmassdoesnotchangeoveralongertimeperiod.Thiswas,however,challengedbyLäderachandSodemann(2016)andtheyprovidedtwocounter-argumentsagainstsuchsimplecalculationsinsection4oftheirSupportingInformation."



Compare: Insert�

annotation

Matching annotation not found



Compare: Insert�

text

"Thesetwoargumentsareiteratedbelow,andwewillarguethatthesecounter-argumentsarenotvalid.First,wehavetointroducetheglobalnumbers,whichareusedintheexamplesby(LäderachandSodemann,2016).Wequotethesenumbersbelow,butwetookthelibertytodirectly‘correct’themistakesthatweremadeintheunits."
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"Pleaserefertoauthorcomment6(AC6)orshortcomment1(SC1)intheinteractivediscussionforthe‘uncorrected’quotes.LäderachandSodemann(2016)write:"
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"“Usingavalueforglobalprecipitation(whichequalsglobalevaporation)of500·103km3/yr=1.37·103km3day−1=2.68mmday−1andavolumeoftheglobalmoistureintheatmosphereof12.7·103km3(Trenberthetal.,2011),oneobtainsaglobaldepletiontimeconstantof12.7·103/1.37·103=9.3days."
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"Assumingamoreextremecasewithintherangeofuncertaintyforbothquantities,thenumberschangetoaglobalprecipitationof616·103kmyr−1=1.69km3day−1=3.31mmday−1andtheglobalamountofmoistureintheatmosphereof12.3·103km3.Thiswouldresultinaglobalaveragedepletiontimeconstant,assumedtobeidenticaltotheresidencetimeofmoisture,of12.3·103/1.69·103=7.3days.”Beforewepresentthetwocounter-argumentsby(LäderachandSodemann,2016),itshouldbenotedthattheextremecaseisindeedquiteextremeasitis4standarddeviationsawayfromthemostlikelyvalueof8.9±0.4days,computedbyusbasedonthenumbersprovidedbyRodelletal."
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"(2015)andTrenberthetal.(2011)."
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"Theﬁrstcounter-argumentbyLäderachandSodemann(2016)is:"
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"“Precipitationisgeneratedinweathersystemsofdifferentkindandlifetime.Weathersystemsareformed,maymovethroughtheatmosphere,leadingtoanunequaldistributionofprecipitationinspaceandtime,untiltheydecay.This‘intermittent’natureofprecipitationisacentralaspect,andisalsorelatedtotheatmosphericresidencetimeofwatervapor.Someareasoftheworldexperiencefrequentandheavyprecipitation,otherareas,suchasdeserts,hardlyexperienceanyrain.Throughoutoneyear,someareaswillthusparticipatemorestronglyintheatmosphericwatercyclethanothers.Thisobviousfactbecomesimportantforthesimpleexamplewhenconsideringthattheglobalmeanprecipitationof1.69·103km3day−1=3.31mmday−1assumesthatallareasoftheearthreceiveanequalamountofprecipitation.AccordingtoERA-Interim,90%oftheglobalprecipitationinayearfallontolessthan70%oftheglobalsurfacearea(Fig.S4).Ifweredothesimpleestimatefromabovetakingthisfactintoaccount,wehavetocorrecttheglobalaveragerainratesfortheactualsurfaceareaparticipatinginthewatercycle.Thiswouldleadustoconcludethat90%oftheeffectiveglobalprecipitationfromthesimplenumberexample(1.37/0.7=5"
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"51.95km3day−1and1.69/0.7=2.41km3day−1,respectively)leadustodepletiontimeconstantsof6.51and5.10days,respectively.Thisisclearlyshorterthanthe7–9daysobtainedoriginally,andinfactquiteclosetotheabout4–5daysweobtainfromourmethod.Thesimpleestimatesrelythusonaglobaluniformdistributionofprecipitation,whichisinfactnotgiven.”Intheinteractivediscussion(SC1),Sodemannadds:“IntermsofaPoissonprocess,thespatialandtemporalcoherenceofprecipitationviolatestherandomnessrequirement.”"
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"FigureS4.Surfaceareafractionvs.precipitationfractionfromtheERA-Interimreanalysisdata(redline).Thedashedlinewouldresultifprecipitationwerespatiallyhomogeneous.ReproducedfromLäderachandSodemann(2016).10Wedisagreewiththisargument,becauseitthereisnopointin‘correcting’thevalueforthe70%oftheEarth’ssurfacethatreceivesmostprecipitation,whentalkingabouttheglobalaveragevalue.Recallthatinthemainpaper(Eqs(2)and(3))nousehasbeenmadeofthesurfaceareaoftheEarth.Intuitively,aglobalaveragevalueconcernsaprecipitation-weightedvalueorbulkvalue.Whentryingto‘correct’forthewettestregionsoftheEarthonly,oneessentiallycalculatesthespatialaveragedepletiontimeofprecipitationforofthex%wettestregionsoftheEarth,whichisobviouslynotthesameastheglobalaverage15residencetimeofwaterintheatmosphere.InLäderachandSodemann(2016)itisnowherementionedthattheyunderstandtheirestimateof4–5daysasaspatialaverageprecipitationresidencetimeforthe70%wettestregions,butinsteadpresentthe4–5daysestimateastheglobalmeanatmosphericmoistureresidencetime."
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"Themerefactthatprecipitationvariesinspaceandtimehasnoeffectontheglobalmeanvalue,nordoesabulkestimationinvokethenecessityofbeinguniform,constantoraPoissonprocess.Inthemainpaperweclearlyshowedthespatialand6"
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"5101520253035temporalvariabilityoftheresidencetimeascomputedbyourtrackingmethodsandstillwearriveatglobalaverageresidencetimesof8–10days.Asaside-note,thespatialaveragecalculationisnotcorrectlyexecuted.Theglobalaverageprecipitationis1.37·103km3day−1,ofwhich90%fallsover70%ofthelandsurface.Thus,1.37∗0.90=1.23·103km3day−1.However,tobeabletocalculateaspatialaverageoneshouldalsoknowhowmuchatmosphericstorage(in103km3)residesoverthat70%landsurface.Dividingthatnumberby1.23·103km3day−1willgivethespatialaveragedepletiontimeindaysover70%ofthelandsurface.Wedidnotcomputethishereasitisactuallynotapureresidencetime,andwehavenotaddressedspatialaveragesinourmainpaperanyway.Thesecondcounter-argumentbyLäderachandSodemann(2016)involvesthedescriptionoftwocasesthat,intheirwords,"
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"“criticizesthesimpleestimatemorefundamentallyanddemonstratesthatdepletiontimeconstantsdonotallowtoconcludeonthemoistureresidencetime.”Intheinteractivediscussion(SC1),Sodemannaddstwodifferentcases.Here,weexplorethesefourhypotheticalcasesinmoredepth.SodemannwritesinSC1:“Considertwohypotheticalcasesofglobaltemporalprecipitationpatterns.Intheﬁrstcase,duringanygivenmonth,rainfallsgloballyeverydaywithanaveragerainrateof1.37·103km3day−1.Thesameamountofevaporationoccurscontinuouslyandmaintainsanatmosphericwatervolumeof12.7·103km3.Thiscasewillgiveadepletiontimeconstantof9.3days.Inasecondcase,allofthemonthlyevaporationhappensontheﬁrstdayofeachmonth,andallofthemonthlyprecipitationonthelastday.Inthissecondexample,theaveragelifetimeofthewatervaporisobviouslyenhancedconsiderably,whilethedepletiontimeconstantwouldstillprovidethesamevalueof9.3days.Obviously,herethestationarityrequiredbyaPoissonprocessisnotgiven.Comparedtotherealatmosphere,bothexamplesareartiﬁcial,buttheyservetoillustratethepointthatthedepletiontimeconstantsdonotnecessarilyfaithfullyquantifytheresidencetimeofatmosphericwatervapor.”AndLäderachandSodemann(2016)write:“Considertwohypotheticalcasesofglobaltemporalprecipitationpatterns.Intheﬁrstcase,rainfallsgloballyeveryotherdaywithanefﬁciencyof100%,i.e."
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"allatmosphericwatervaporrainsout.Inthesecondcase,itrainsoncein30days,againwithanefﬁciencyof100%.Evaporationrechargestheatmosphericmoisturereservoirbetweentheprecipitationeventsinbothcases.Bothofthesescenariosarenotinconsistentwithagloballong-termaveragerainrateof1.37·103km3day1andaglobalamountofmoistureof12.7·103km3,andwillgiveadepletiontimeconstantof9.3days.Yet,theactualresidencetimeofthewatervaporintheatmosphere,i.e.thetimewatervaporstaysintheatmospherebetweenevaporationandprecipitation,willbe1dayintheﬁrstexample,and30daysinthesecond.Ofcoursebothexamplesareartiﬁcialandunrealistic,buttheyservetoillustratethepointthatthetemporalcharacteristicsofglobalprecipitationarenotmeasuredbydepletiontimeconstantsasprovidedbysimpleglobalestimates.AllfourcasesaredisplayedgraphicallybyusinFig.S5.Thecorrespondingaverageatmosphericstorage,averageprecipitationrate,averageevaporationrateandaverageresidencetimearegiveninTableS1.AccordingtoSodemann(SC1),theresidence7"
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"FigureS5.VisualizationoffourhypotheticalcasesofdepletingandreplenishingtheglobalatmosphericwaterstoreasdescribedbySodemann’scomment(cases1and2)andLS16(cases3and4).Notethatinpanel(a)precipitationandevaporationareconstant,and,thereforeoverlapeachotherinthevisualization.timeincase2shouldbemuchgreaterthantheresidencetimeincase1,butcase1and2wouldgivetheexactsamedepletiontimeconstant.However,wecanobservefromFig.S5andTableS1thatthedepletiontimeconstantincase2isexactlyequal5totheresidencetimebasedonatmosphericwaterage.Thesimplereasonforthisbeingthattheaverageprecipitationrateincase2ismuchlowerthanincase1.AccordingtotheSupplementofLäderachandSodemann(2016),case3and4areboth"
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"“notinconsistentwithalong-termaveragerainrateof1.37·103km3day−1andglobalaverageatmosphericwaterstorageof12.7·103km3”.AscanbeseenfromFig.S5andTableS1,however,thesecasescorrespondwithneitherandtheglobalaverageprecipitationrateincase1ismanytimeslargerthantheprecipitationrateincase2,hencetheverydifferentresidence10times.AccordingtoSodemann(SC1)thesehypotheticalcasesweresupposedto“demonstratethatforsystemswheretheassumptionsofaPoissonprocessareviolated,depletiontimeconstantsdonotallowtoconcludeonthemoistureresidencetime”.8"
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"Table1.SummaryofthefourhypotheticalcasesbroughtforwardbySodemann(SC1)andLäderachandSodemann(2016)."
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"CumulativeP"
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"averagePorErate"
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"Averageatmospheric"
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"Residencetimefrom"
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"Residencetimefrom"
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"orEafter30days"
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"(103km3day−1)"
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"storage"
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"averageageofwater"
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"stockdividedbyﬂux"
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"(103km3)"
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"duringprecipitation"



Compare: Insert�

text

"(depletiontimeconstantin"
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"LäderachandSodemann’s"
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"Byexploringthesecasesindepthwehaveclearlyshownthatresidencetimecan,infact,beaccuratelycalculatedbydividingastockbyitsﬂux(comparelasttwocolumnsofTableS1).WeconcludethattheexamplesprovidedbyLäderachandSodemann(2016)andSC1areinconsistentwiththemselvesanddonotshowthatthe‘depletiontimeconstant’isdifferentfromtheresidencetime,as,infact,theseequaleachotherinallfourcases(TableS1,lasttwocolumns)."
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"ReferencesBisselink,B.andDolman,A.J.:Precipitationrecycling:MoisturesourcesoverEuropeusingERA-40data,J.Hydrometeorol.,9,1073–1083,52008.Dominguez,F.,Kumar,P.,Liang,X.Z.,andTing,M.:Impactofatmosphericmoisturestorageonprecipitationrecycling,J.Clim.,19,1513–1530,2006.Läderach,A.andSodemann,H.:Arevisedpictureoftheatmosphericmoistureresidencetime,Geophys.Res.Lett.,43,924–933,doi:10.1002/2015GL067449,2016."
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"Trenberth,K.E.,Fasullo,J.T.,andMackaro,J.:AtmosphericMoistureTransportsfromOceantoLandandGlobalEnergyFlowsinReanalyses,J.Clim.,24,4907–4924,doi:10.1175/2011jcli4171.1,2011."
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