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Abstract. This paper compares state-of-the-art atmospheridVith this knowledge small improvements have been made to
moisture tracking models. Such models are typically used tadhe a posteriori models. It appeared that expanding WAM to
study the water component of coupled land and atmosphera 2-layer model, or a lower release heightin 3D-T, led to sig-
models, in particular quantifying moisture recycling and the nificantly better results. Finally, we introduced a simple met-
source-sink relations between evaporation and precipitationric to assess wind shear globally and give recommendations
There are several atmospheric moisture tracking methods iabout when to use which model. The “best” method, how-
use. However, depending on the level of aggregation, theever, very much depends on the research question, the spatial
assumptions made and the level of detail, the performancextent under investigation, as well as the available computa-
of these methods may differ substantially. In this paper, wetional power.

compare three methods. The RCM-tag method uses highly
accurate 3-D water tracking (including phase transitions) di-
rectly within a regional climate model (online), while the
other two methods (WAM and 3D-T) use a posteriori (of- 1 Introduction

fline) water vapour tracking. The original version of WAM is

a single-layer model, while 3D-T is a multi-layer model, but Studying where the rain comes from is of growing interest in
both make use the “well-mixed” assumption for evaporationthe scientific community. In the beginning of the second half
and precipitation. The a posteriori models are faster and mor®f the twentieth century several pioneer researchers were ad-
flexible, but less accurate than online moisture tracking withdressing this question (e.Benton 1949 McDonald 1962
RCM-tag. In order to evaluate the accuracy of the a posteriorBudyko, 1974 Molion, 1975. Many studies thereafter used
models, we tagged evaporated water from Lake Volta in Wespimple bulk methods or conceptualizations of the hydrolog-
Africa and traced it to where it precipitates. It is found that ic@l cycle in order to estimate the amount of precipitation
the strong wind shear in West Africa is the main cause of er-that recycled within a certain region (elgettau et al, 1979

rors in the a posteriori models. The number of vertical layersBrubaker et al. 1993 Eltahir and Bras1996 Schar et al.

and the initial release height of tagged water in the model aret999 Trenberth 1999. The results obtained were, however,

found to have the most significant influences on the results®nly a rough estimate over a large region and subject to sev-
eral assumptiondurde and Zangvjl2001a b; Fitzmaurice
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4870 R. J. van der Ent et al.: Simple or complex model for moisture tracking?

2007). Other studies focused on finding the recycling along aapplied a posteriori models. Our aim is to (1) identify the dif-
streamline $avenije 1995a b; Lintner et al, 2013 Schaefli  ferent characteristics of atmospheric moisture tracking mod-
et al, 2012, which added to the conceptual understandingels, (2) quantify the differences in a particular case study,
of moisture feedback, but has not yet proven to provide re-which is in West Africa, where we track water from Lake
liable estimates in real-world cases. A completely different\olta during a monsoon period with a complex atmospheric
approach, namely the use of stable isotopes of watét; flow, providing a challenging task for our models, (3) explain
8180 and the corresponding d-excess value, has been showthese differences, (4) improve on existing a posteriori mod-
to be a good indicator for moisture recycling and moistureels, and (5) translate our findings into recommendations for

recycling variability (e.gSalati et al. 1979 Nijitchoua et al, future atmospheric moisture tracking studies.
1999 Henderson-Sellers et a2002 Pang et a].2004 Tian Although atmospheric moisture tracking as a research field
et al, 2007, Froehlich et al.2008 Liu et al., 2008 Risi et al, is partly driven by pure curiosity, already in the past re-

2013. However, good temporal and spatially consistent iso-searchers considered the results important for land and wa-
tope records are generally not available, and additional meter management (e.gMolion, 1975 Lettau et al. 1979
teorological observations are needed to pinpoint the origin ofSavenije 1995a b) and also more recent studies generally
the water more accurately. underline the management implications of their results (e.g.
There also exist many studies that numerically track mois-Kunstmann and Jun@007 Dominguez and Kumar008§
ture (we use the term moisture in this paper for all possibleHossain et a).2009 Jodar et a].201Q Goessling and Reigk
phases of water) in the atmosphere. The first studies, to ou2011, Bagley et al.2012 Keys et al, 2012 Tuinenburg et aJ.
knowledge, that can be characterized as atmospheric moi2012 van der Ent et a.2012 Wei et al, 2012. In order to
ture tracking studies were those Idussaume et a11986 use the results of moisture tracking studies for land and wa-
andKoster et al(1986. The latter used a water vapour trac- ter management practices, it is important to better understand
ing scheme in a coarse resolution GCM (general circulatiorthe effect that the use of different models may have on the
model) to estimate the origin of precipitation in several re- outcome.
gions. In contrast to most bulk methods, atmospheric mois-
ture tracking can determine the spatio-temporal distribution
of moisture origin rather than merely the recycling rate over
a large temporal and spatial scale.
The majority of all recent studies addressing the origin of

precipitation, or fate of evaporation, use some sort of atmo-rhe pasic equation for all atmospheric moisture tracking
spherlc. moisture tracklng model. M0|sture tracking can beyodels is the balance of a water Ma%s x, y, z), of which
done either p_ara_llel (online) to a climate or Wegther modely certain part is tagges},:
run (e.g.Bosilovich and Schuber2002 Bosilovich and
Chern 2006 Sodemann et 812009 Goessling and Reick S, 3 (Su) = 9(Sgv) = 3(Sew)
2013 Knoche and Kunstman@013 or a posteriori (offline) 5, = gy T gy gz T le Fsto @)
with reanalysis data (e.yoshimura et a].2004 Dominguez )
et al, 2008 Dirmeyer and Brubaker2007 Bisselink and whereg ;tapds for the source area from which water gets
Dolman 2008 van der Ent et a].201Q Tuinenburg et a. taggedy is time, u; v andw are the wind components in the
2012, operational analysis data (eSfohl and Jameg005 X,y andz_d|rect_|on (note: they can c_hange S|_gE)15 su_rface
Nieto et al, 2008 Sodemann et 312008 Gimeno et al. evaporation;P is surfac_e precipitation; angl is a residual.
201Q Spracklen et a).2012 or output of a climate model Most models only consider water vapour, 6 Svapous and
run (e.g.Gangoiti et al, 2011 Goessling and Reick011). neglect the liquid and ice water content in an atmospherlc
Besides using different types of input, these models use Siggolumn. Moreover, several models only consider horizon-
nificantly different moisture tracking methods (s8emeno  tal transport (i.e.@ =0). The vertical resolution in the
etal, 2012 van der Ent2012. tracking models ranges from only one layer to tens of layers.
To date, consistent comparison studies of the state-of- For forward tracking of evaporation, it holds théf = E
the-art moisture tracking models are rare and the conseif the considered water massis above the source regign
guences of the different assumptions made are largely unwhereast, =0 elsewhere. LeE, ; be the amount of tagged
known. Noteworthy is, however, the study @bessling and  evaporated moisture which is added to a certain layer in a
Reick (2013, who compared continental precipitation recy- moisture tracking model, then, the “well-mixed” assumption
cling ratios and moisture origins obtained by using 2-D andfor the distribution of surface evaporation is described by
3-D water vapour tracers within the ECHAM6 GCM. They S,
concluded that in general the 2-D approximation is less ap-Eg x = Eg,t?, @)
propriate in the tropics where it leads to substantial errors. t
Our paper is to a certain extent similar to the approach ofwhereE, ; is the total tagged evaporatiaf), the water mass
Goessling and Reick, but here we focus on the more widelyin layerk andsS; the total water mass over all layers. In reality,

Model characteristics

2.1 General principles
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surface evaporation enters the atmosphere at the surface, blwtell-mixed” conditions of tagged atmospheric moisture are
in a posteriori moisture tracking models it can be desirable tousually not met Bosilovich, 2002 Goessling and Reick
add the water to higher levels as well by using, for example,2013, thus an insufficient number of model layers and the
Eq. (2). The reason for applying such a mixing assumption iswell-mixed assumptions are likely to yield errors.

that the vertical transport of tagged moisture cannot simply Furthermore, there is the residualin Eq. (1), which

be described by the product 8f and the vertical velocity can be caused by inconsistencies in the input: due to
given by the input data, because vertical velocity is actuallydata-assimilation in reanalysis data, resolution upscaling, or
described by model errors, for example, due to interpolation, neglect of
liquid water and ice, or the well-mixed assumptions. In or-
der to close the (tagged) water balance, some Eulerian mod-

where w’ stands for perturbations from its temporal aver- €IS (implicitly) assign a tagged value to the residual by, for
age. Most a posteriori moisture tracking models neglect thes&Xample,considering the residual as a part of the precipita-
perturbations and assume these are small compared to tf@n (€.9. Goessling and Reick, 2011), or by assuming that
variability of the mean vertical wind velocity at the time- the residual water behaves similar to a surface flux, with
resolution of the input data. For input data with fine temporalitS tagged part being proportiosnal to the tagged moisture in
resolution, this assumption may be valid. However, for in- the atmospheric columnz, =a%t*‘ (e.g. Yoshimura et al.
put data with coarser temporal resolution, the perturbations2004).
could be of significant importance for the tagged moisture Lagrangian models generally do not consider the non-
transport. A similar argument goes for the spatial resolution.closure of the water balance, but theoretically it is possible
For input data with a fine resolution, the atmospheric ver-to build it in. Also, models differ in the numerical scheme
tical transport was resolved in the forcing model. However, they use to solve Eq. (1). Finally, it should be noted that most
for a coarser spatial resolution the actual variability in the models can also perform backward tracking in time (e.g.
moisture transport is not captured Byw. For these reasons Dirmeyer and Brubakerl999 Stohl et al, 2005 van den
some kind of initial vertical mixing of evaporated moisture Hurk and van Meijgaard2009 Keys et al, 2012, making
could be desired for a posteriori models. Unfortunately, de-precipitation the source term and evaporation the sink term,
tailed investigations of the resolutions at which an initial ver- with the exception of tracking models that run in parallel with
tical mixing as in Eq. (2) would be appropriate have, to our a climate model, which do not allow for backtracking.
knowledge, not yet been reported in literature. Besides uncertainties in the input data, which are inde-
Likewise, surface precipitation is in reality only present pendent from the tracking model used, we think that the
at the surface, but in practice most moisture tracking mod-main sources of error in a posteriori forward tracking mod-
els do not resolve vertical moisture exchange due to (re€ls are (a) insufficient number of vertical layers (affecting
evaporating) falling precipitation. For modelling purposes, EQ. 6), (b) the moisture weighted well-mixed assumption
precipitation from a certain laye®, is therefore considered When distributing evaporated moisture parcels over the ver-
to be the condensed water that reaches the surface by the précal (Eq. 2), (c) the well-mixed assumption for precipitation
cipitation process. Since there is often no information avail-(Eqg. 4), and (d) the neglect of liquid water and ice. Note that
able on the layers from which precipitation falls it is gener- a backtracking case would reverse simplifications (b) and (c).
ally assumed that the precipitation is “well-mixed” (i.e. mois-

w=w-+w, (3)

ture weighted from all model layers): 2.2 Tracking models used in this study
P — P Sk ) In this study, we will look into the four error sources listed
k= St above by considering three different atmospheric moisture

tracking models with three degrees of complexity (Table 1).
The most complex method considered is the online tracking
model RCM-tag, which runs in parallel to the regional cli-
mate model (RCM) MM5. The simplest model (WAM) and
Pyx = Py Se.k ) (5) the model of intermediate complexity (3D-T) are a posteriori

’ Sk water vapour tracking models, which means that they make

Similarly to Eq. (5) the tagged horizontal moisture transportUS€ Of input provided by climate models, reanalysis, grid-

terms are assumed to advect water proportional to the taggedfd 0Pserved products or a combination thereof and consider
moisture fraction at that location: water vapour only. A detailed description of these models is

given below.

whereP; is total precipitation. The tagged fraction of precip-
itation from a certain layep, \ is proportional to the tagged
moisture fraction at that location:

Se it _ Se kv _ Sekw _ M (©)

Sk u Sk v S w Sk
This calculation of tagged moistut® , becomes less real-
istic with less model layers. Some studies have shown that
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Table 1.Characteristics of the tracking methogss specific humidityy is zonal wind speed; is meridional wind speedy is vertical wind

speed P is precipitation andt is evaporation. In case the input data is given on pressure levels instead of model levels then surface pressure
is required as well for WAM and 3D-T. For more information on the methods: RCMKagc¢he and Kunstman2013, WAM (van der Ent

et al, 201Q van der Ent and Savenjj2011, Keys et al, 2012, and 3D-T {Tuinenburg et a).2012).

Method Input data Traced Flux Model Numerical Computation  Speed Backward
needed water treatment coordinate  considerations  speed dependency tracking in
system time possible?
RCM-tag Boundary All Transport Eulerian Leap-frog Slow Linear No, forward
conditions as well as tracking scheme: proportional only
for the phase Courant to the
climate transitions criterion, t{x,y,2)-
model at full numerical model domain
model dispersion
resolution
WAM q@t, x,y,z)Y  Water Vertically Eulerian Explicit Very fast Linear Yes
(llayer) u(t,x,y,z)} vapour integrated tracking scheme: proportional
v, x, y, 21 only fluxes. on model Courant to the
E(, x,y) ‘Well-mixed’  coordinates criterion, t(x, y)-
P, x,y) assumption numerical model domain
for dispersion
E and P3
3D-T q(t,x,y,2) Water  “Well-mixed” Lagrangian  Explicit Moderate Linear Yes
(E_wellmixing-  u(t, x, y, 2) vapour assumption trackingon  scheme, but no proportional
P_wellmixing)  v(z, x, y, z) only for Eulerian numerical to the number
w(t, x, y, z)2 E andP3 coordinates  issues due to of tracers
E(t,x,y) the Lagrangian released and
P, x,y) systerft thus the size

(t, x, y)-
source area

L In principle the vertically integrated moisture flux and the total column water vapour are sufficient, but these are usually not directly 2Wikibke.wind speed is
preferably given in Pas! rather than ms2. In the case study, the input data of vertical wind speed was given intraisd the approximation: 1 hPa =10 m was used.
3 The well-mixed assumption (of the vertical atmosphere) implies that precipitation is assumed to be removed weighted with the total moisture from each model layer. In

the case of WAM the actual horizontal tracking is performed with only one vertical layer and is thus also “well liRedturacy of the solution does, however, depend on
the tracer density and chosen time step.

2.2.1 RCM-tag considered “virtual reality”. Accuracy is the main advantage
of this method, but on the other hand it is slow in computa-
This highly complex tracking model is describedgoche  tion and backtracking in time is not possible.
and Kunstmanr(2013, who built it into MM5. Some key .

points of the model are also given in Table 1. The genera2-2.2 Water accounting model

principle is to keep track of the additional to MM5 intro-
duced “tagged” moisture species without affecting MM5’s

overall water balance. Where most other methods only conS 0 2011 K L 201 hich red h K
sider transport of water vapour, RCM-tag considers all at- avenie L Keys et al, 2, which reduces the track-

mospheric processes, i.e. transport, horizontal diffusion ad'9 t© @ 2-D &, y) problem, by computing the vertically in-
well as phase transitions. It should be noted that no subgri egrated moisture fluxes. This means that _the water nigss (
scale cumulus (convection) parameterization is applied with’> equal to the total cqlumn water mask)(in Eq. (1) and
regard to a moisture tagging modelling, because accordin¢he number of Iayerst_m Egs. (2) and (4). 0 (6)is 1. WAM

to Knoche and Kunstmang2013 a consistent treatment by uns on an Eulerian grid and can be run in forward as well as

a cumulus parameterization scheme is difficult to achieve. m_backward tracking mode. The model excels in computation

stead, model resolutions generally assumed to be fine enougﬁ’i)ee(_j dqe to its S|mpl_|C|ty, but also due to its Eulena_n grid
to capture the most important convection systems by grid_alowmg it to track moisture from large source areas just as
scale resolved dynamic model processes have to be usepast as from small source areas. However, it is expected to be
Therefore, the relevant moisture transitions are calculated bfss accurate in studies demanding high spatial and temporal

an explicit scheme. The tracking by RCM-tag as such can b esolution.

The simplest model used (see Table 1) is the water account-

ing model (WAM) {van der Ent et al201Q van der Ent and

Hydrol. Earth Syst. Sci., 17, 48694884 2013 www.hydrol-earth-syst-sci.net/17/4869/2013/
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Location of the study domain Wind field near the surface Wind field at approx. 500 hPa
(a)

20° 15" N

10" N

20°S

TSI A A A
Pl rrrrzrrzsss
o 0" F a0 F 5 W o 5°E 5 W o 5°E

Fig. 1. Study domain and wind fields at different heights (arrows) averaged over August 1998 according to the MM5 mdadglacetion

of the study domain (black rectangle) within Africd) the wind field near the surface, afc) the wind field at a model layer which
corresponds to approximately 500 hPa or 5 km. Rivers and Lake Volta are shown in blue, country borders in grey and the tagging source aree
lies within the red rectangle. Note that in the text the tagging source area is sometimes referred to as Lake Volta, but actually covers some of
its surroundings as well.

2.2.3 3D-Trajectories Gangoiti et al. 2011 Goessling and Rei¢k201]) are es-
sentially variations on the three models described in Table 1

The next model considered (see Table 1) is 3D-TrajectoriegseeGimeno et al.2012, for a review). Their complexity and

(3D-T) (Tuinenburg et a).20132, which is a modification (dis)advantages lie somewhere between the models used in

of the quasi-isentropic back-trajectory (QIBT) method of this study (Tables 1 and 3).

Dirmeyer and Brubakef1999 2007, but in contrast to There are two other widely used and advanced Lagrangian

QIBT, 3D-T does not use potential temperature as a verti-models that are used for atmospheric water tracking: FLEX-

cal coordinate system. Instead it uses pressure coordinaté®ART (Stohl et al, 2009 and HYSPLIT Draxler and Hess

and the vertical wind speed to calculate the vertical mo-1998, which are distinctively different from the three dis-

tion of tracked parcels. Water parcels are tracked in a Lacussed models here, since they only consider the net inter-

grangian manner and are released into the atmosphere attion with the surfaceK — E), meaning that they cannot

a random starting height weighted by the moisture profilediagnose precipitation and evaporation separately. Nonethe-

(Eg. 2). Transport in the atmosphere is based on a linear intedess, these methods have been successfully applied in several

polation of the 3-D wind patterns of the forcing data. It also recent studies (e.dj\ieto et al, 2006 Sodemann et gl2008

uses the “well-mixed” assumption for precipitation (Eq. 4). Gimeno et al.201Q Durkee et al.20129), and for HYSPLIT

3D-T can be run in forward as well as backward tracking there is even a web-based tool for moisture trajectory calcu-

mode. Computation speed of 3D-T generally lies betweerlations Oraxler and Rolph2013.

WAM and RCM-tag, but is dependent on tagging source area

(a larger area requires more tracer parcels) rather than the

model domain only in WAM and RCM-tag. 3 Case study Lake Volta (West Africa)

2.2.4 Modified WAM and 3D-T models 3.1 Description

Based on the results that are shown later in this paper, wéur case study consists of comparing the three models
have decided to make several changes to WAM and 3D-T ifRCM-tag, WAM and 3D-T) for their ability to correctly
order to try to match the “virtual reality” of RCM-tag better. track evaporation from Lake Volta. The study domain is
In WAM we changed from a single to two layers in the verti- the same domain that is studied kpoche and Kunstmann
cal. In 3D-T we adjusted the mixing assumptions for evapo-(2013. The domain, that exist of a large part of West Africa
ration and precipitation. Further description of these changedFig. 1a), is modelled with MM5 Grell et al, 1995 for

models is given in Sect. 3.3. two months: July and August 1998, which are in the mid-
dle of the monsoon season. The area is relatively flat, and
2.3 Relation to other moisture tracking models the only noteworthy orographic features are the Togo Moun-

tains (peaks of 300-1000 m), which are situated just east of
Most other atmospheric moisture tracking models used (e.gthe tagging source region (red rectangle in Fig. 1). Further-
Bosilovich and Schubert2002 Yoshimura et al. 2004 more, Fig. 1 shows the wind vectors near the surface (i.e. at
Dominguez et al. 2006 Dirmeyer and Brubaker2007 the lowest model level, Fig. 1b), and the wind vectors at the

www.hydrol-earth-syst-sci.net/17/4869/2013/ Hydrol. Earth Syst. Sci., 17, 4868384 2013
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Evaporation Precipitation
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Fig. 2. Vertical fluxes in August 1998 according to the MM5 model r{@).evaporation, an¢b) precipitation. The areal average evaporation
of the Lake Volta tagging region is 85 mm moﬁﬂﬂcompared to 67 mm montH over the whole domain. The areal average precipitation of
the Lake Volta tagging region is 62 mm monthcompared to 87 mm morit} over the whole domain.

model level which corresponds approximately to 500 hPa 013.2 Results
5kma.s.l. (above sea level) (Fig. 1c), for the period of Au-

gust 1998. The wind near the surface brings in air from theThis section discusses the results of atmospheric moisture
ocean, while at 500 hPa the wind field is nearly geostrophicyacking with 3 different models. As RCM-tag includes all
in westward direction. Thls system is thgstoahlgh degree gne processes that are also present in the normal MM5
sheared system, of which we found the interface generally tQcheme, we consider the results from RCM-tag to repre-
lie at approximately 800 hPa or 2kma.s.|. (not shown). sent “virtual reality”. First, we discuss these results and then
_ Furthermore, Fig. 2 shows the evaporation and precipitaye compare the results of the a posteriori moisture tracking
tlpn in the same month. The Ia_nd evaporanon (Flg. 2a) seeM athods WAM and 3D-T with the results of RCM-tag. A
highest at the places that receive the most rain (Fig. 2b). AlsOgymmary of the results is presented in Table 2. The movies
the actu_al Lakg VoIt_e} grid ceIIs. (W|_th|n the wh|t§a rectangle) can be found in the Supplement, which also contains an
can easily bg |de'nt|f|ed by their high evaporatllon rates. ASgyerview of Figs. 3-8 on one page.
can be seen in Fig. 2b, the coastal area experiences a small
dry season and the precipitation maxima are found between
10 and 18N where the ITCZ is locatedP{dwirny, 200§.  3-2:1 RCM-tag
Most of this precipitation is convective and believed to have
a strong coupling with the soil-moisture (ekjoster et al. In Fig. 3 and movie 1 (Supplement), we can see what happens
2004 van den Hurk and van Meijgaard009 Taylor et al, with the evaporated water from Lake Volta in August 1998.
2010, which is also evident from short-length scales of local The general pattern is that moisture is first transported by
recycling {fan der Ent and Savenjj2011). the surface winds (Fig. 1b) to the northeast until it reaches
With three different models (Table 1), the evaporation higher levels of the atmosphere, after which it is picked up
from a small area (4 10°km?) including Lake Volta in by the African easterly jetGook 1999, transporting mois-
Ghana (red square, Fig. 1) is tagged, and subsequently tracddre westward (Fig. 1c). But, as the movie clearly shows, this
until it leaves the model domain or precipitates. Thus, allprocess is variable in time, which seems to be caused by vari-
three models run in forward tracking mode. The grid cell ability in the surface winds. For example, on 19 August it
size used is 18 km 18 km (at the equator), with 33 verti- is observed that all tagged water is transported in westerly
cal model layers. The RCM-tag run is performed directly in direction.
parallel with MM5; the time step used is 50 s. The two other Figure 3 shows that evaporation from Lake Volta is most
models use hourly MM5 output data as their input data. Inlikely to end up as precipitation just north of the source re-
both WAM and 3D-T these data are downscaled to 6 min.gion. In movie 1 (Supplement) we see that the tagged atmo-
The residuals (see Eq. 1) were found to be very small withspheric moisture also reached areas south of Lake Volta, but
WAM (not shown), and were not given a tagging component.that it did not rain out (see Fig. 2b). Only a few spots in the
The results focus on August 1998 only, but with the initial domain receive more than 5 mm montrof rain originating
conditions (i.e. tagged water) given by the July run. from Lake Volta. Compared to the total amount of rainfall
(Fig. 2b) the tagged rain accounts only for a few percent.
Nonetheless, we can say that evaporation from Lake \olta is
a very active component of the regional hydrological cycle as

Hydrol. Earth Syst. Sci., 17, 48694884 2013 www.hydrol-earth-syst-sci.net/17/4869/2013/
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Table 2. The amount of evaporation from the Lake Volta region (Fig. 1), which recycles as precipitation within the domain and locally
computed with different water tracking models. These results are for August 1998.

Tracking model Evaporation of Volta origin Evaporation of Volta origin ~ Pattern resembling
that precipitates within the that precipitates in the Volta  that of RCM-tag’s
domain, i.e. domain recycling  region, i.e. local recycling  virtual reality

Original models

RCM-tag 35% 1.9% Exact
WAM (1layer) 39% 2.0% Bad
3D-T (E_wellmixing- 12% 1.9% Reasonable

P_wellmixing)

Modified models

WAM-2layers 34% 2.8% Good
3D-T-E_lowmixing- 29% 1.8% Good
P_wellmixing

3D-T-E_lowmixing- 34% 2.0% Good

P_fromclouds

over one-third of the evaporation recycles within the domain
and about 2 % recycles over Lake \olta (see also Table 2).

3.2.2 Water accounting model 15°N

Figure 4 and movie 2 (Supplement) show that according to
WAM the evaporated water from Lake \Volta appears to be
primarily transported to the west, thus the moisture trans- o
port in WAM is apparently dominated by the upper winds
(Fig. 1c). The amount of evaporated water from Lake Volta
recycling within the domain happens to be almost the same
as in RCM-tag (Table 2), but the patterns clearly show that
WAM is not a good method to perform such a high-resolution
analysis. We attribute the wrong pattern primarily to the
fact that WAM uses a single vertical layer, and thus works
with a vertically integrated moisture flux, which cannot re- Fig. 3. Precipitation of Volta origin in August 1998 as computed by
produce the sheared wind system that exists in this regiofRCM-tag. The yellow rectangle indicates the Lake Volta tagging-
(Fig. 1). In Sect. 3.3.1 we present an update to WAM (WAM- source region. The left colour bar indicates the absolute amount of

2layers), which is much better capable of representing therecipitation that originated from Lake Volta. The right colour bar
West African wind system. indicates for which percentage the precipitation in the coloured ar-

eas accounts for the evaporation from the tagging-source region. For
example, the light green regions receive 1 to 2 mm mohibf pre-
cipitation that originated from Lake Volta, and in total the tagged

. precipitation in the light green areas sums up to-20L =9 % of
Figure 5 shows that the 3D-T method leads to a down-| jic\oita's evaporation.

wind tagged precipitation pattern somewhat similar to that

of RCM-tag. However, the fraction of evaporation that recy-

cles is a factor three lower than in the RCM-tag simulation

(see Table 2). From movie 3 (Supplement) it can clearly beto the height at which moisture parcels are released. The spa-
observed that, similar to the WAM run, the 3D-T method par- tial and temporal resolution of this case study is apparently
tially transports the moisture in the wrong direction. More- too high for the moisture weighted release in the vertical to
over, in movie 3 (Supplement) tagged water appears to disbe applicable.

appear too quickly from the domain in comparison to RCM-  Although the parcels released by the 3D-T method are
tag (movie 1, Supplement). This can be attributed to largetransported vertically with the vertical wind speed, a sig-
differences in wind direction and speed between lower andhificant fraction of the parcels is released in the westward
higher atmospheric layers, making the results very sensitivélowing (higher) layers, and are transported into areas with

tagged precipitation [mm/month]

5°N

coocoo-
N

cumulative precipitation evaporated from the tagging-source region [%]

5" W 0 5°E

3.2.3 3D-Trajectories
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Fig. 4. Precipitation of Volta origin in August 1998 as computed by Fig. 5. Precipitation of Volta origin in August 1998 as computed by
WAM. See Fig. 3 for an explanation of the colours. 3D-T. See Fig. 3 for an explanation of the colours.

low precipitation and subsequently out of the domain. The  Figyre 6 and movie 4 (Supplement) show the results for
parcels that are released in the lower fraction of the atmone \WAM-2layers run. It can be observed that this run com-
sphere follow the same pattern as the RCM-tag run anthares very well with RCM-tag (Fig. 3 and movie 1, Supple-
produce the same downwind precipitation pattern, howeverment). The tagged moisture flowing around the domain, the
only about a third of the parcels are released in the eastprecipitation pattern, as well as the magnitude of recycling
ward flowing layer (approximately below 2kma.s.l). In ithin the domain are nearly identical. A relatively large er-
Sects. 3.3.2 and 3.3.3 we present updates to 3D-T (i.e. thgyr js, however, made for the regional recycling ratio within
3D-T-E_lowmixing runs), which release the evaporated wa-the | ake Volta area: 2.8 % for WAM-2layers vs. 1.9 % with

ter parcels only in the lowest levels of the atmosphere, Whin‘RCM-tag. Yet, over the full model domain this issue is ap-
at this high spatial and temporal resolution study offers a betparently not significant (see also Table 2).

ter representation of the true dynamics.

3.3.2 3D-T without the well-mixed assumption for

3.3 Simple improvements to the a posteriori moisture .
evaporation

tracking methods

3.3.1 WAM with 2 layers in the vertical One of the most important assumptions of the original 3D-
T method is the “well mixed” assumption for the height at
It was observed in Sect 3.2.2. that the WAM model pro- Which tracer parcels are released in the atmosphere (Eq. 2).
vides good recycling quantities (Table 2), but not for the right The validity of this assumption is related to the vertical mix-
reasons as too much of the moisture transport is westwarénd that takes place within a single time step. With a large
(Fig. 4 and movie 2, Supplement). A simple improvementtime step this assumption could be valid, but we saw in
that yielded much better results is splitting the atmosphereSect. 3.2.3 that it did not yield good results in the domain
into two layers (WAM-2layers). Prior investigation into the ©Of the current study, especially since the region also has
vertical distribution of wind velocities showed that the shear-large wind shear. To quantify the effects of this assumption,
layer is approximately at the sigma level (model level relative the 3D-T method was modified (3D-T-E_lowmixing-P_well-
to surface pressure) which corresponds roughly to 800 hP&hixing in Table 2) and parcels were released from just (50 m)
(2kma.s.l.). Horizontal moisture fluxes in the bottom layer above the land surface.
were computed between the surface and that sigma level, Figure 7 and movie 5 (Supplement) show the results of
while the horizontal moisture fluxes in the top layer were this modified run. The patterns have not changed much com-
computed between that sigma level and the top of the atmoPared to the original 3D-T run. However, the amount of
sphere. Moreover, we used the vertical velocity given at thetagged precipitation in the domain has increased significantly
sigma level of around 800 hPa to calculate the moisture transcoOming much closer to the value of RCM-Tag. The pattern
port between the bottom and top layer. At an input time stepin Fig. 7 resembles the RCM-tag output quite well. It also
of 1h and a spatial resolution of 18 km, this is an acceptableshows that the tagged precipitation patterns from 3D-T are
assumption. less smooth compared to RCM-tag and WAM(-2layers). In
these latter models, the moisture is transported on an Eule-
rian grid, which causes some diffusion of the moisture. The

Hydrol. Earth Syst. Sci., 17, 48694884 2013 www.hydrol-earth-syst-sci.net/17/4869/2013/



R. J. van der Ent et al.: Simple or complex model for moisture tracking? 4877

parcel trajectories in the Lagrangian 3D-T runs do not have
this diffusion, so the precipitation is less smooth spatially,
which can also be observed in the movies.

3.3.3 3D-T without the well-mixed assumption for
evaporation and precipitation

Apart from the assumption of the height at which the
evaporation is released into the atmosphere, discussed it
Sect. 3.3.2, the 3D-T method (as well as WAM and WAM-
2layers) assumes that all moisture in the vertical column con-
tributes equally to precipitation (Eq. 4). To test the sensitivity
of this assumption to the precipitation patterns, the precipita- ° "
tion allocation in 3D-T was adapted by using the information
about the cloud layers in the RCM-tag run (i.e. the cloud wa-

ter content in each of the 33 model levels). In this adaptationFig. 6. Precipitation of Volta origin in August 1998 as computed by
precipitation is assumed to originate only from the cloud lev- WAM-2layers. See Fig. 3 for an explanation of the colours.

els. During the trajectory of the moisture parcels, the amount

of precipitation from the parcel during a time step is propor- . » i i
tional to the ratio of the cloud fraction from the RCM-tag run We identified beforehand? We summarised these as (a) an in-
atthe height of the parcel and the mean cloud fraction over alpufficient n_umber Of layers (only one in the orlgmal WAM)_,
levels in the column. If no clouds are present at the height of(P) the moisture weighted well-mixed assumption when dis-
the parcel, the parcel will not contribute to the precipitation. riPuting evaporated moisture parcels over the vertical, (c) the

Figure 8 and movie 6 (Supplement) show the results of thisVell-mixed assumption for precipitation, and (d) the neglect
adaptation, together with the release of the parcels from nea?f liquid water and ice. In summary, we can say that in this
the land surface. The patterns are similar to that of Fig. 7 and@S€ Study assumptions (a) and (b) were found to be the most
movie 5 (Supplement) and the recycling rates are very clos€rucial, and assumptions (c) and (d) of minor importance
to the RCM-tag run (see also Table 2). Movie 6 (Supple-I" ob_talnlng accurate results with thg atm_osphepc moisture
ment) clearly shows differences with movie 1 (Supplement)traCk'”Q mc_)dels usgd. A more qetalled dlscgssmn_of these
of RCM-tag, which are caused by Lagrangian vs. Eulerianfour points is found in the remaining part of this section.
modelling, but from Fig. 8 and Table 2 it can be observed that3 41
the results of this run (3D-T-E_lowmixing-P_fromclouds) =~
are closest to the virtual reality.

tagged precipitation [mm/month]

cumulative precipitation evaporated from the tagging-source region [%)]

coocoo~
N

Insufficient number of layers

It was found that for this particular case study, the insufficient
number of layers was one of the most crucial sources of error
in the atmospheric tracking results. The atmospheric mois-

N ) - ) ture tracking model RCM-tag used 33 model-levels. With
From the prevailing atmospheric conditions present in the,

- i - - only one vertical layer WAM was not able to reproduce the
West African study area (Fig. 1), especially the wind shearpatterrl of RCM-tag (Fig. 4 and movie 2, Supplement). How-

presentin the verti_cal, it was anticipated that the a posteriorbver’ it was not necessary to use all 33 layers as is also done
water vapour tracking models (WAM and 3D-T) would face i, 3p_T, put splitting the atmosphere in just two well-chosen

difficulties representing the results of the RCM-tag method|ayers (\WAM-2layers) yielded results that were very similar
(Fig. 3). WAM performed particularly bad in getting the di- RCM-tag (see Fig. 6 and movie 4, Supplement).
rection of the moisture flux right (Fig. 4), but the addition of a

second layer yielded results that were quite close to RCM-tagg 4.2  Vertical mixing assumption for evaporated parcels
(Fig. 6). The 3D-Trajectories model performed reasonable
in reproducing the patterns of RCM-tag (Fig. 5), but failed The tagged evaporated moisture parcels released at a random
mainly in getting the recycling ratios right (Table 2). Releas- starting height in 3D-T, weighed by the atmospheric mois-
ing the parcels near the surface instead of moisture weighteture profile (Eg. 2), let to an underestimation of recycling
over the vertical significantly improved the results (Fig. 7). (Sect. 3.2.3). Note that the original WAM run also released
Accounting for the presence of clouds instead of using theits evaporated water over the entire atmospheric profile (as
well-mixed assumption for precipitation improved the results there is only one layer), but the effect of this was not clear
even further (Fig. 8). See the Supplement for Figs. 3—8 oras the moisture direction led to larger errors. The new runs:
one page. WAM-2layers, 3D-T-E_lowmixing-P_well-mixing and 3D-
What can be said about the effects of the major simplifica-T-E_lowmixing-P_fromclouds, release their tagged moisture
tions and possible sources of error in WAM and 3D-T, which near the surface which led to significantly better results

3.4 Case study conclusions

www.hydrol-earth-syst-sci.net/17/4869/2013/ Hydrol. Earth Syst. Sci., 17, 486884 2013



4878 R. J. van der Ent et al.: Simple or complex model for moisture tracking?

w

tagged precipitation [mm/month]
©

tagged precipitation [mm/month]

[SESX

cumulative precipitation evaporated from the tagging-source region [%]
cumulative precipitation evaporated from the tagging-source region [%]

cocococo~
cococoo-~
N B

5w 0’ 5°E 5 W 0 5°E

Fig. 7. Precipitation of Volta origin in August 1998 as computed by Fig. 8. Precipitation of Volta origin in August 1998 as computed by
3D-T-E_lowmixing. See Fig. 3 for an explanation of the colours.  3D-T-E_lowmixing-P_fromclouds. See Fig. 3 for an explanation of
the colours.

(Figs. 6-8). Thus, for this high spatial and temporal reso-
lution it appears that it is best to release evaporated parceld-4.4 Neglect of liquid water and ice
near the surface. ) )

To illustrate this, Fig. 9a shows the mean height of parcels 0" this case study we can conclude that tracking the wa-
released from the source region (Fig. 1) for the different mix-ter vapour only, and negleptlng the presence of liquid wa-
ing approaches in 3D-T. The mean height of the parcels in_ter, ice and the corr_espondlng phase tran_3|t|_o_ns in the track-
the original 3D-T run is higher than in the run with releases N9 Scheme did not influence the results significantly. We de-
from the surface (indicated with “low mixing”) during the V€ thl_s cpncl_usmn from_our assessment that the improved a
first 70 h of the simulation: atest of the differences between POSteriori moisture tracking methods WAM-2layers and 3D-
the runs dropped below the 95% level after 68 h of simu- 1"E_lowmixing were both able to reproduce the results of
lation. Note that the number of parcels within the domain REM-tag to a satisfying degree of similarity, while assuming
(on which Fig. 9a is based) decreases in time. As the wind?!! &tmospheric water to be water vapour only.
speeds are higher in higher atmospheric layers, the number
of parcels present in the original run will be reduced faster
than in the “low mixing” run, explaining the fact the black
line is higher than the red line after 85 h.

4 Where is a complex model important?

In the case study (Sect. 3) we have seen that the wind shear in
the West African domain is responsible for the largest errors
in the a posteriori tracking models. In single layer WAM this

Both atmospheric water vapour tracking methods WAM angléad to errors in the transport _paths predictgd by the model,
3D-T invoke the so-called “well-mixed” assumption for pre- _because it used_ the vertically mt_egrated mmstyre flux, Iea_d-
cipitation (Eq. 4). This means that the precipitation efficiency "9 0 @ net moisture transport in westward direction. This
is assumed the same for all water in the column. From Fig. ggProlem was mostly solved in the WAM-2layer run. The 3D-
it can be seen that this is in reality not the case as cloud’ mode! was affected by the fact that so_me_of th? release_d
water has a different vertical distribution than water vapour, PATCEIS in the upper atmosphere were going in a different di-
In the run 3D-T-E_lowmixing-P_fromclouds (Sect. 3.3.3) we regtlon than if they had been_released closer to fch.e surface.
assumed that precipitation can only come from levels WhereThIS problem was also solved in the 3D-T-E_lowmixing runs.
clouds are present. This yielded a small improvement in the 'F should be noted that we could only make these obser-
magnitude of moisture recycled within the domain (Table 2)’vat|pns beca%lse we had th? results f“’”? the RCM-tag run
but this improvement was much smaller compared to chang@Vailable, which generally will not be available beforehand.
ing the release height of 3D-T (Sect. 3.2.3). Moreover, it Was:Therefore, it is desirable to determine the conditions under

necessary to use additional information about cloud Wateﬁ"’h'Ch It Is necessary tg run _WAM with 2 layers or _apply—
content from MMS5. ing another atmospheric moisture tracking model like 3D-

T or RCM-tag. In general we can reason that the larger the
tagging source area, the less wind shear is a problem, be-
cause tagged water from different parts of the source area
will compensate for each other. Nonetheless, to identify in

3.4.3 Vertical mixing assumption for precipitation
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Parcel height for different trajectory models (Lake Volta case study) Moisture profiles (mean over domain and time)
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Fig. 9. (2) mean height of parcels in 3D-T for two mixing assumptions for evaporation entering the atmosphere. The red line shows the
original assumption in which evaporated moisture is released randomly along the vertical moisture profile (Fig. 5 and movie 3, Supplement).
The black line shows the assumption where moisture is released at 50 m above the land surface. Dotted lines and grey shading shows th
range of one standard deviation from the mean height. Both lines are based on a sample size of 100(bpaertisal moisture profile
(averaged over the domain for August 1998). The red line shows the cloud water content and the black line the specific humidity.

which parts of the world wind shear is a problem for atmo-  Figure 10 shows the moisture flux shear factors for the
spheric moisture tracking, we propose to compute the horiMWest African case study. It can be observed that shearing
zontal moisture flux shear factors: is most problematic in the coastal zone, especially for zonal
oriented fluxes (Fig. 10a). Shearing is somewhat less prob-

?Squdp lematic in the north of the domain, but cannot be neglected
0 for the moisture tagging from the small Lake Volta area. This
Fz shear= s @) confirms the presence of a sheared winds system which was
[ lquldp also observable in Fig. 1, and was found to be the main rea-
0 son of errors in the a posteriori moisture tracking models.
and We also applied Egs. (7) and (8) globally to a 10 yr record
of the ERA-Interim reanalysis (60 model level§)ee et al.
jsq vdp 2011). These results are shown in Fig. 11. Overall, it appears
o that there is slightly more shearing in the meridional direc-
Fin shear= s (8) tion (lower numbers in Fig. 11b). Zonal shearing is generally
S lgvldp lower and almost non-existent in latitudes aboveM5It can
0 be observed from Fig. 11 that the area where one would ex-

whereg is specific humidityp is pressure angs is surface pect the Iarges_t problems for accurate moisture tracking is
pressure and andv are zonal and meridional wind speed, N fact West Africa. In general most of the problems are ex-
which have a positive value in eastward and northward di_pected in Africa and to a lesser extent in South America and
rection, respectively, and a negative sign in the opposite diAustralia. The temperate zones of Eurasia and North Amer-
rection. For example, in the extreme case of a completely@ have high horizontal moisture flux shear factors, meaning

sheared system, where wind in the lower atmosphere is ifhat the m_oisture is mostly going in one direction over the
eastward direction and wind in the upper atmosphere is invhole vertical.

westward direction while the product gfandu is equal for

both parts,F; shearhas a value of 0. On the other hand, if 5 Concluding remarks and recommendations

the wind in all layers of the atmosphere is in the same direc-

tion, then the system is without shear afidsnearhas a value  |n this paper we compared three state-of-the-art atmospheric
of 1. For clarity, a value of 0.5 means that 75 % of the total mojsture tracking models that track evaporation until it pre-
horizontal moisture flux goes in one direction and 25 % in op-cipitates (Table 1). We considered the results obtained with
posite direction. These factors can directly be computed fromthe RCM-tag method as “virtual reality”. The two other, less
standard climate model output or reanalysis data. A similaicomplex, methods (WAM and 3D-T) use a posteriori (of-
metric was proposed b@oessling and Reicg013. fline) water vapour tracking. It was found that the original
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Fig. 10.Horizontal moisture flux shear factors as defined by Egs. (7) and (8) averaged over August 1998 according to the MM5 model run.
(a) Zonal moisture flux shear factor, aig) meridional moisture flux shear factor. The lower the value the more sheared the moisture flux.
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Fig. 11.Horizontal moisture flux shear factors as defined by Egs. (7) and (8) averaged over 1999-2008 according to ERA-Interim reanalysis.
(a) Zonal moisture flux shear factor, afig) meridional moisture flux shear factor. The lower the value the more sheared the moisture flux.

a posteriori models had difficulties reproducing the resultsthe lowest layer was found to increase the Ganges basin re-
of RCM-tag for a case study in West Africa (Sect. 3.2). Im- cycling by only 5% {Tuinenburg2013. This result is in line
proved versions of the a posteriori models relaxed some ofvith Fig. 11, where wind shear is not as significant in India
the original assumptions and obtained significantly better re-as in West Africa.
sults (Sects. 3.3 and 3.4). We concluded that the number of In WAM-2layers and 3D-T (all runs) the vertical mois-
layers in the vertical and the mixing assumption after evapo-ure transport was forced by the instantaneous vertical wind
ration had the largest influence on the results (Sect. 3.4), esspeeds at the time resolution of the forcing data. In reality,
pecially due to the strong wind shear in West Africa (Figs. 1 as well as in the atmospheric models used to generate the
and 10). forcing data, the vertical mixing of moisture is driven by tur-
How the results of previous studies would have beenbulence, which acts on timescales of minutes. In this case
(e.g.Dominguez et a).2006 Dirmeyer and Brubake2007, though, we could simply use the vertical velocities, as the
Bisselink and Dolman2008 van der Ent et al.201Q resolution of the forcing model MM5 was high enough not
Goessling and ReiclR01L Bagley et al.2012 Keys et al, to apply a subgrid scale convective scheme. However, when
2012 Tuinenburg et a.2012 Wei et al, 2012 when they  either of the a posteriori moisture tracking methods would
had used “improved” moisture tracking models is very muchbe applied to other cases where the forcing data has a coarser
case-dependent. Detailed analysis is beyond the scope of thigsolution (e.g. 6-hourly,’1x 1° grid) another solution must
study, butGoessling and Reic{2013, for example, showed be found to deal with the vertical transport. In the case of
that there are significant differences (mainly in the tropics) WAM-2layers, we think that the vertical transport could be
in continental precipitation recycling ratios between 2-D and parameterized or obtained from the water balance. In the case
3-D tracking. However, the global pattern, as also shown byof 3D-T, it may be wise to apply an initial mixing somewhere
the 2-D tracking study ofan der Ent et al(2010 and 3-D  in between the original well-mixed assumption (Eq. 2) and
tracking study oBosilovich et al (2002, remains very simi-  the low mixing assumption (Sect. 3.3.2). Unfortunately, this
lar. For the study oTuinenburg et al(2012 we can conclude modeller's choice can only be tested when one has forcing
that their estimates of recycled moisture within the Gangeamodel information such as in this study. Investigation of ex-
basin were on the conservative side. Releasing the parcels iactly which initial mixing assumption would be appropriate
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Table 3.Recommended suitabilityof methods considering both accuracy and computation speed. The choice for a method also dependents

on location of the region (see Fig. 11), size of the tracer source area and available computational power (see Table 1).

Method Historical or present  Scenario studies  Detailed local scale  Regional scale  Global scale
day studies (up to 1000 km) (up to 5000 km)

RCM-tag 0 ++ ++ + -

WAM (1 layer) ++ + - 0 +

3D-T (E_wellmixing- ++ + 0 + +

P_wellmixing)

WAM-2layers ++ + + + ++

3D-T-E_lowmixing- ++ —+ + ++ +

P_wellmixing

3D-T-E_lowmixing- ++ + ++ + +

P_fromclouds

*“++"=very well suited, 4" =well suited, “0” = neutrally suited, and-"=not well suited

for which input data (due to Eq. 3) is beyond the scope ofmore flexible in their input data (they can, for example, draw
this paper. on existing climate model, reanalyses or observational data
The well-mixed assumption of precipitation (Eq. 4) was sets). For future scenarios, new climate model runs may be
relaxed in the 3D-T-E_lowmixing-P_fromclouds run (see necessary anyway and RCM-tag would be suitable, but of-
Sects. 3.3.3 and 3.4.3). However, we could only do this adline methods can of course handle this as well. Regarding the
we had cloud water content information from MM5. In many most suitable method for a certain spatial scale it is logical
other cases this would not always be available and one wouldhat a very accurate method as RCM-tag is recommended for
have to assume a certain degree of mixing. In practice, wdocal studies, whereas this would be computationally costly
think that a well-mixed situation for precipitation can be as- on larger scales. WAM is not recommended for the local-
sumed and we also showed that it does not influence the rescale studies, especially in the tropics, where the wind shear
sults much. Another issue that we did not address is the mixfactor is low, meaning a highly sheared system (Eqgs. 7 and 8
ing due to re-evaporation and condensation during a precipand Fig. 11). However, this model is very fast and flexible
itation event. This issue is discussed in detail®yessling  for the larger scales, especially in its updated form (WAM-
and Reick(2013 who applied 3-D water vapour tracers in 2layers), but it might be difficult to find an appropriate height
ECHAMG6 on a 1.875 x 1.87% grid, but they also leave this to split the bottom and the top layer. When applied on the lo-
a modeller’s choice. It can, however, be observed that theical scale in areas with prominent wind shear (Fig. 11), 3D-T
lower and upper boundaries for this type of mixing yield very is not very suitable either. However, this method works well
similar results. on the large scale, or on the local scale in areas that do not
As a side note, we also showed the differences betweesuffer that much from wind shear. The “E_lowmixing” ver-
the Eulerian approach taken by RCM-tag and WAM and thesions of 3D-T are generally recommended above the well-
Lagrangian approach taken by 3D-T. The tagged precipitamixed assumptions for released parcels on smaller spatial
tion patterns generated by RCM-tag and WAM are smootheiscales, but when interested in large spatial (and temporal)
than those generated by 3D-T due to the numerical mixingscales this is not likely to have a big effect (see also Fig. 9).
on the Eulerian grid that does not occur in the Lagrangianin conclusion, we hope that the findings of this paper will be
method. Given the current experiment, it is not possible tobeneficial to future atmospheric moisture tracking and mois-
determine whether the Eulerian or Lagrangian approach igure recycling studies, giving them a better handle on the suit-
more suitable. However, it clearly shows that a Lagrangianability of the several methods around.
method should release a sufficient amount of tracer parcels
to produce reliable results, which unfortunately comes at the
cost of computation time. The Eulerian methods, on the otheSupplementary material related to this article is
hand, must not use too small time steps in order to avoid togvailable online athttp://www.hydrol-earth-syst-sci.net/
much numerical dispersion, but is also not recommended a$7/4869/2013/hess-17-4869-2013-supplement.zip
this obviously increases computation time (see also Table 1).
Based on our investigations we can provide recommenda-
tions on when and where to use which model (Table 3). We
recommend the use of a posteriori models over RCM-tag for
historical or near-real time studies as a posteriori models are
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