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Abstract
This study investigated the dynamic motion of atmospheric water advection by an analytic method
called colored moisture analysis (CMA), that allows for the estimation and visualization of atmospheric
moisture advection from specific source regions. The CMA water transport model includes balance
equations with the upstream scheme and, uses external meteorological forcings. The forcings were obtained from the Global Energy and Water Cycle Experiment (GEWEX) Asian Monsoon Experiments
(GAME) reanalysis. A numerical simulation with 79 global sections was run for April to October 1998.
The results clearly showed seasonal variations in advection associated with large-scale circulation fields,
particularly a difference between rainy and dry seasons associated with the Asian monsoon. The paper
also proposes a new definition of southwest Asian monsoon onset and decay, based on the amount of
water originating from the Indian Ocean. Earliest onset occurs over southeastern Indochina around 16–
25 May. Subsequent onset occurs in India one month later. These results agree with previous studies on
the Asian monsoon onset/end. The CMA provides a clearer, more integrated view of temporal and spatial
changes in atmospheric circulation fields, particularly Asian monsoon activities, than previous studies
that focused only on one or two distinct circulation features, such as precipitation or wind speed. Furthermore, monsoon transition in a specific year, 1998, first became analyzable, whereas the previous
studies used climatologies.

1.

Introduction

Where does today’s rain originate? This is a
simple question for which no clear answer has
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been given. Many studies have related this
question to precipitation recycling (well reviewed in Eltahir and Bras 1996 and Burde
and Zangvil 2001). However, because direct
validations are difficult (Burde and Zangvil
2001), discussions of the appropriateness of
several recycling models have traditionally
been restricted to underlying limitations or assumptions. However, the use of stable water
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isotopes (e.g., Salati et al. 1979; Gat and Matsui
1991), which are theoretically actual tracers
influenced directly by atmospheric behavior, is
suitable for validating recycling models. Interpretation of isotope analysis for water recycling
studies is complicated, because a number of simultaneous processes may affect the isotope
data.
Studies that identify water by its origin and
incorporate tagged water into general circulation models (GCMs) are a direct way to estimate water recycling, and to answer the question of where rains originate (e.g., Koster et al.
1986; Numaguti 1999; Bosilovich and Schubert
2002). Indeed, Bosilovich and Schubert (2002)
determined that their estimates were sufficiently reasonable and could be used as validation of simpler bulk diagnostic estimates from
recycling models such as those of Eltahir and
Bras (1994) and Brubaker et al. (1993). Results
from GCMs with tagged water, however, are
limited by the accuracy of GCMs.
During the past two decades, many studies
have incorporated stable isotopes into GCMs
(e.g., Joussaume et al. 1984; Jouzel et al. 1987;
Hoffmann et al. 1998; Mathieu et al. 2002;
Noone and Simmonds 2002). Such isotope-GCM
studies can be directly validated using observed
isotopic records. Good model reproductions of
observations support the reliability of taggedwater simulations with isotope-GCMs. However, the good reproduction of observed isotopic
compositions in precipitation is limited to
monthly averages. Indeed, GCM studies have
not reproduced short-term variability in the
isotopic composition of precipitation. This observed short-term variability is often greater
than seasonal or monthly variability. The failure of GCMs to reproduce short-term variability is likely a result of either coarse spatial resolution (Hoffmann et al. 2000), or errors in the
predicted circulation fields (Yoshimura et al.
2003), or both, and is a limitation in studies
using GCMs.
Recently, a simple global one-layer isotope circulation model that includes Rayleigh
distillation, and uses external meteorological
forcings, has reproduced short-term (daily)
variability over the sub-tropics, particularly
Thailand (Yoshimura et al. 2003). Results from
that study suggest that large-scale moisture
transport (more than 100 km in the horizontal)
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dominates the control of daily variations in
the isotopic composition of precipitation. The
reproduction of the isotopic signal suggests that
it is reasonable to estimate tagged water by replacing the tracers of water isotopes in the
model with tagged water. This also allows a
discussion of the daily variation of taggedwater behavior, because the isotopic model reproduces daily isotopic variability.
The present study replaced the isotopic
tracers used in the water transport model of
Yoshimura et al. (2003) with tagged-water
tracers, to investigate how water from specific
regions is spatially transported and how transport varies temporally, particularly at daily
time scales. Section 2 introduces the taggedwater transport model, and a visualization
scheme. The model and the visualization
scheme are referred to as ‘‘colored moisture
analysis’’ (CMA). Section 3 provides results
from a global run, forced by 1998 data from
the Global Energy and Water Cycle Experiment (GEWEX) Asian Monsoon Experiments
(GAME) reanalysis data (Yamazaki et al.
2001). Section 4 discusses new insights into
monsoon onset, and the rainy season, in regions
influenced by the Asian Monsoon. A summary
and conclusions follow.
2.

Method of colored moisture analysis

Colored moisture analysis (CMA) combines
both a tagged-water transport model and a
scheme for visualization of results. The CMA
reveals how water from specific regions is
transported, and how that water is mixed. Descriptions of the water transport model and the
visualization scheme follow.
2.1

Description of the tagged-water transport
model
The present tagged-water transport model is
consistent with the control run of the Rayleightype isotope circulation model in Yoshimura
et al. (2003). The most important and most
controversial assumption is that water vapor is
completely mixed in each grid at every time
step (the ‘‘well-mixed’’ assumption; mathematically described below in Eq. 3 and 4). The
basis of this assumption is derived from sufficient convective activities and vertical diffusion
caused by sheer vertical. Many previous studies
on precipitation recycling estimates used this
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assumption, but its uncertainty has not been
quantified (Bosilovich 2002).
A GCM experiment in Bosilovich (2002)
indicated that the assumption could not be always satisfied because of vertical variations in
moisture source ratios depending on the presence of convective processes. Nonetheless,
Yoshimura et al. (2003) included an isotopic
circulation model with the well-mixed assumption and successfully reproduced isotopic
signals in precipitation. They concluded that
large-scale moisture transports control the isotopic variability in precipitation on daily time
scales. Isotopic components and tagged water
are essentially the same in the model transport
scheme. Furthermore, main target regions in
the current study are Asian monsoon regions
where convective precipitation dominantly
takes place. Therefore, this paper adopts the
well-mixed assumption to simulate taggedwater transport.
The model has a global grid (1:25  1:25
and one vertical layer), and each grid is approximated as a trapezoid. Atmospheric water
circulation calculations maintain the atmospheric water balance (Oki et al. 1995) by the
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upstream scheme in each grid at every time
step. The model’s 10-minute time step satisfies
the Courant-Friedrichs-Lewy (CFL) condition
in most regions. Near the poles, however, the
CFL condition is violated because of the short
distance between adjacent points. As in Yoshimura et al. (2003), calculations were not performed poleward of 85 N or 85 S, and one tag
is assigned there instead. This simplification
hardly influence low latitudes, the main target
of the present study. The model incorporates
external meteorological datasets obtained from
reanalyses. Variables include precipitable
water (total column water vapor), vertically
integrated moisture fluxes (zonal and meridional), precipitation, and evaporation. The 6hourly variables in GAME reanalysis version
1.5 (Yamazaki et al. 2001) were used for the
present study, as in the control simulation of
Yoshimura et al. (2003). The simulation ran
from 0000 UTC 1 April 1998 to 1800 UTC 31
October 1998.
For the evaporative source regions, the globe
was divided into 79 sections, 57 on water and
22 on land, as shown in Fig. 1 and Table 1.
These 79 sections mostly follow geographical
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Fig. 1. Global map of 79 tagged-water source regions. Letters surrounded by rectangles indicate abbreviated names of each region; the capital letters and following lowercase letters denote areas and
direction, respectively. Table 1 lists the areas abbreviated by capital letters. Directions (small letters) are denoted as n: north, c: center, and s: south, and w: west, m: middle, and e: east. Tags over
lands are shaded.
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Table 1. List of the 79 regions and their abbreviations. Numbers in parentheses denote the number
of divided sections.
Seas
AO
NP
NA
NI
NS
BCA
PO
BB
SCS
SJP
GM
JS
CS

Arctic ocean
Northern Pacific ocean (8)
Northern Atlantic ocean (4)
Northern Indian ocean
North sea
Black sea, Caspian sea, Aral sea
Persian Gulf & Gulf of Oman
Bay of Bengal
South China sea
Sea of Japan
Gulf of Mexico
Java sea
Celebes sea

ATO
SP
SA
SI
MDT
RA
ARS
AD
ECS
SO
CR
AF
HB

Antarctic ocean & the Antarctica
Southern Pacific ocean (9)
Southern Atlantic ocean (6)
Southern Indian ocean (9)
The Mediterranean
Red sea & Gulf of Aden
Arabian sea
Andaman sea
Eeat China sea
Sea of Okhotsk
Caribbean sea
Arafura sea
Hudson Bay

Eurasian continent (3)
North American continent (3)
Australia
India
Japan
Madagascar
Sumatera & Java
New Zealand

AF
SAC
CHI
IP
ME
PB
NG

Africa (3)
South American continent (2)
China
Indochina Peninsula
Middle East
Philippines & Borneo
New Guinea

Land
EC
NAC
AUS
IND
JP
MG
SJ
NZ

borders such as oceans or countries. In addition, one tag was assigned for initial water
vapor and another for water near the poles
(poleward of 85 N and 85 S). Thus, the experiment had 81 tags. Various water types were
assigned to the source regions and water evaporating from any location on Earth was tagged
as one of 81 kinds of water.
The atmospheric water balance equation by
Oki et al. (1995) is given as
qW
~ þ ðE  PÞ;
¼ ‘  Q
qt

ð1Þ

~; P, and E represent precipitwhere W; ‘  Q
able water, horizontal water vapor flux convergence, precipitation and evaporation, respec~ is the vertically integrated vapor
tively. Q
flux vector; its components are zonal and meridional fluxes.
Using the well-mixed assumption, the balance of each different water is
qwn
wn ~
¼ ‘ 
Q þ dn E  p n ;
qt
W

ð2Þ

W¼

N
X

wn ;

ð3Þ

n¼1

pn ¼

wn
P;
W

ð4Þ

where wn denotes amount of atmospheric water
from region n; N denotes a total number of the
tags; dn ¼ 1 for region n and dn ¼ 0 otherwise.
Using reanalyzed meteorological data does
not inherently satisfy the atmospheric water
balance equation (Eq. 1). Studies that include
atmospheric water balance equations must
manage this problem. A common and simple
way is to have one term in Eq. 1 include a
residual value to satisfy the balance. For example, evaporation E is given as the residual of
the balance equation in Brubaker et al. (1993)
and Kanae et al. (2001). Likewise, the precipitation P serves as a residual value in Eltahir
and Bras (1994). However, residuals of the
balance equation often acquire unrealistic
values (Kanae et al. 2001). Another way is the
use of multiple linear regression (Bosilovich
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and Schubert 2001). This way, however, is
computationally expensive, so that it is not
very appropriate for global calculation in high
temporal resolution. In Yoshimura et al. (2003),
nudging the reanalyzed precipitable water at
every time step, and conserving its isotopic
composition ameliorate, the unclosed nature of
Eq. 1. This paper therefore follows a similar
approach. However, instead of conserving isotopic composition, the ratios of tagged water in
the precipitable water are conserved as
wn ¼ wn 

W
W

Range of CMA results for Apr-Oct.
CMA result for April 1998
y = exp (-1/7.2 x)
Trenberth (1998) for April 1998
y = exp (-1/8.4 x)

0.8

0.6

0.4

0.2

0.0

ðfor n ¼ 1 @ NÞ;

ð5Þ

where wn is the corrected tagged-water amount
from region n, W  is the reanalyzed total precipitable water, and W is the calculated total
precipitable water in a discretized form of Eq. 1.
2.2 Description of the visualization method
The tagged water in the transport model
output is color-coded for ease of visualization. A
mixture of colors determines the content of
tagged water at any time, in any grid. Given
that three primary colors comprise color, a matrix with three elements that have the same
variation ranges denotes color. Hence, mixed
color in any grid is
9
82 3
2 3
>
>
R
=
< rn
X
6 7
6 7 wn
G
¼
;
ð6Þ

g
4 5
4 n5
>
W>
;
:
N
B
bn
where R; G, and B in the left matrix indicate
red, green, and blue, respectively, and rn ; gn ,
and bn denote given degrees of red, green, and
blue for region n, respectively. A mixture of
many different colors cannot create cloud information from tagged-water mixing, because
color consists of only three elements. In this
paper, CMA uses up to twelve distinct colors in
addition to black (initial water) and white (the
rest of the regions).
3.
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1.0
Ratio of Remaining Initial Water

October 2004

Results

3.1 Attenuation of initial water
Figure 2 shows how the initial water, which
is computed from all global vapor content on
every first day in April to October 1998, decreases. Fitting the data points with exponential curves reveals a range of e-folding times
for atmospheric water between 7.3 days (April)
and 9.2 days (August). These values are com-
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Fig. 2. Attenuation of remaining initial
assigned water ratio. Shading indicates
range of simulated results for each
month (April to October) 1998, assuming that water uniformly covers the
whole globe. Diamonds show the April
result comparing with Trenberth’s
(1998) estimation of the same month
(solid line), using the same data source
(GAME reanalysis).

parable to Trenberth’s (1998) global mean estimate of 8.4 (April) to 9.1 (August) days (shown
by the exponential curve of GAME reanalysis’s
April in Fig. 2) using global monthly averages
of precipitation and precipitable water from
GAME reanalysis for every month (April to October) 1998, and to Bosilovich et al.’s (2002) estimate of 9.2 days using GEOS-3 (Goddard
Earth Observing System version 3) GCM runs
initialized in May with 1991 SSTs. This correspondence indicates that the global water budget in GAME reanalysis is appropriately balanced. In addition, it suggests that differences
between estimates of the global water budget
that do not take moisture transport into account (Trenberth 1998) and those that do (this
study) are likely to be very small.
3.2 Continental cycling ratio
Figure 3 shows the global distribution of the
percentage of precipitation that originates as
water over land. The average represents May
to October 1998. Initial water was removed
within one month as shown in Fig. 2. Thus,
this figure excludes data from April which
would be influenced by initial water. The ratio
of precipitation that originates over land to
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Averaged Continental Cycling Ratio over 1998/04-10
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Fig. 3. Percentage of precipitation that originated as evaporation from all land surfaces; six-month
average from May to October 1998.

total amount is termed the ‘‘continental cycling
ratio.’’ The degree of water originated from land
is important, because it gives useful information on possible interactions between land surface hydrology and climate (Burde and Zangvil
2001). The term ‘‘recycling ratio’’ in many previous studies (e.g., Burde and Zangvil 2001)
usually suggests that part of the precipitation
over a limited area originates from evaporation from that same area (referred to as ‘‘local
evaporation’’). In Fig. 3, however, evaporation
from all land surfaces is summed and the percentage of its contribution to precipitation is
shown. Because the recycling ratio is sensitive
to spatial scales (e.g., Trenberth 1999), comparison to past studies must include careful
consideration of the spatial scale of target regions. When a global continental cycling ratio is
calculated, however, the target area is fixed to
all land surfaces over the entire globe. Thus,
results can be easily compared with similar
studies. Figure 3 includes geographical features on continental scales and is comparable
to a similar figure in Bosilovich et al. (2002)

which shows the average of 15-year GEOS-3
GCM runs. It must be recalled that the continental cycling ratio in Fig. 3 was an average for
a half year in 1998. Nonetheless, the similar
results imply that the simplified water transport model, with the well-mix assumption, reasonably works for calculation of precipitation
sources.
Over the central part of each continent, precipitation contains much continental cycling
water. Over Eurasia, for example, over 80%
of precipitation originates from land surface
evaporation, with extrema around the Tibetan
Plateau and the Mongolian High region. Over
Africa, regions near the Equator have a very
high continental cycling ratio.
3.3

Mixing and transport of tagged water:
results of CMA
The experiment partitioned the globe into 79
regions (Fig. 1). Figure 4 shows the color assignments for the visualization of results. The
main foci of this experiment are regions influenced by the Asian monsoon. The regionally
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Fig. 4. Color assignment for the visualization of the second experiment. Global
partition of tagged-water source regions
is shown in Figure 1.

visualized tagged-water mixing and transport
are shown in Fig. 5. The maps are snapshots of
consecutive 10-day periods from April to October 1998.
Initial water, which was assigned the color
black, vanishes by the end of April (Fig. 5c).
The time of disappearance corresponds with
the residence time of atmospheric moisture as
shown in the previous section. Then, the water
from the Bay of Bengal (BB: yellow) overspreads northern Indochina (around northern
Thailand). Water from the southern part of
the North Pacific (NP-sw: violet) covers the
southeast part of Indochina (Vietnam and
Cambodia).
After mid-May, water from the Indian Ocean
is notable and expands northeastward over
the Bay of Bengal and Indochina. On May 21
(Fig. 5f ), water from the Bay of Bengal (yellow)
is nearly unseen, which suggests that it has
mixed with water of other regions. At the same
time, water from the Indian Ocean reaches Indochina. Water originating over the Arabian
Sea (ARS: pink) has not mixed with water from
other regions.
After June, as the summer Asian monsoon
becomes active, a sequential, wavy flow from
the southern Indian Ocean to Indochina shows
(Figs. 5h–5j). The flow moves westward across
the southern Indian Ocean, crosses the Equator
near the east coast of Africa (near Somalia),
moves over the Arabian Sea, curves around
India, passes the Bay of Bengal, and finally
reaches Indochina. Note how the summer monsoon activates transport and mixing of tagged
water in the regions. Thus, distinct colors such
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as yellow (Bay of Bengal), or pink (Arabian
Sea), are not apparent.
During July and August (Figs. 5k–5p), this
wavy flow remains evident and shows meandering motions. In September, however, as the
summer monsoon winds down, water originating from Indochina (assigned as white) itself,
appears over Indochina (Fig. 5r). Furthermore,
water from China (assigned as blue) expands
southward toward Indochina (Fig. 5s). In October, Indochina again receives water from the
Pacific Ocean as well as from China (Fig. 5t).
This southwestward flow marks the end of the
summer monsoon. Moreover, as the wavy flow
diminishes, distinct colors again become apparent, such as pinks over the Arabian Sea.
4.

Quantitative analyses of CMA results

Colored moisture analysis shows that water
evaporated from one place is transported to
other places. Results over regions influenced by
the Asian monsoon show distinctive seasonality. Water evaporated from the Indian Ocean
overspreads Indochina in early May. This
water then retreats at the end of September
and is replaced by water from China or the
Pacific. The visualized results from the CMA
capture dynamic motions of atmospheric water
transport. However, these results are qualitative, because human eyes cannot distinguish
very small color differences. Moreover, the
visualization changes if different colors are assigned to each tag. In this section, results are
quantitatively examined, with emphasis on regions influenced by the Asian monsoon, and on
the transport of water from the Indian Ocean.
4.1

Temporal evolution of moisture origins in
Thailand and India
Figure 6 shows temporal variations of
tagged-water components in precipitable water.
Variations are displayed on a grid including (a)
Bangkok, Thailand, and (b) Calcutta, India.
Note that some tagged-water components are
aggregated into larger parts for make the figures clearer, i.e., Pacific Ocean, Indian Ocean,
and all land regions.
These are indeed answers to the first question in the beginning of this paper. Figure 7
shows percentages of contribution from each
origin to monthly precipitation amount. Just
after the turnover of initial water (beginning of
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Fig. 5. Results of CMA. Mixing and transport of tagged water were assigned to 79 regions over the
whole globe and focused on the Asian Monsoon regions. Figures 7a–7v correspond to consecutive
ten-day snapshots starting 1 April 1998.
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(k) 10/Jul/1998

(l) 20/Jul/1998

(m) 30/Jul/1998

(n) 09/Aug/1998

(o) 19/Aug/1998

(p) 29/Aug/1998
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(t) 08/Oct/1998
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(u) 18/Oct/1998
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(v) 28/Oct/1998
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Fig. 5 (continued)
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Fig. 6. Daily time series variation in water origins of total precipitable water at (a) Bangkok
(13.8 N, 100.5 E), Thailand, and (b) Calcutta (22.5 N, 88.4 E), India.

May), at Bangkok, moisture from the Indian
ocean was much (34%), while moisture from
land surfaces was intensively large at Calcutta
(66%). In July, more than half of precipitation
was originated from the Indian ocean at Bangkok (67%), whereas increasing Indian ocean
water and decreasing land water, became the
same level (28% and 36%, respectively) at Cal-

cutta. In August and September, Indian ocean
water was the main source of precipitation at
both regions. In October, water from all land
surfaces and the Pacific ocean became dominant contributors to precipitation at Bangkok;
39% from land surfaces and 29% from the Pacific ocean. At Calcutta, too, land water became
dominant again (39%).
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Fig. 7. Percentages of water origins in
monthly precipitation from May to
October, 1998 (lines). Bars are monthly
precipitation amount. (a) Bangkok,
Thailand, and (b) Calcutta, India.

4.2

An application of CMA: onset and end of
the rainy season in regions influenced by
the Asian Monsoon
Back to the temporal variation in water origins in Fig. 6, Indian Ocean water suddenly
increases in mid-May (specifically, on 17 May)
and decreases at the end of September at
Bangkok. At Calcutta, interestingly, the increase of Indian ocean water occurs in the middle of June, and the decrease is in October.
These dates apparently correspond with the
onset and end of the monsoonal rainy season in
the Asian monsoon regions. Moreover, it is
easily conceivable that the water from Indian ocean reaches southeast Asia, because the
monsoonal wind fields are from the Indian
ocean towards the south and southeast Asia in
those months. Therefore, the temporal variation in water from the Indian ocean can be related with the temporal evolution of the Asian
monsoon.
This phenomenon is a result of dynamic and
integrated change derived from the seasonality
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of the Asian monsoon, including temporal and
spatial changes in wind speed and direction,
rain area, and humidity. Previous studies have
suggested several ways to define characteristics
of Asian monsoon activity, including wind
speed and direction (e.g., Ramage 1972; Matsumoto 1992), outgoing longwave radiations (e.g.,
Murakami and Matsumoto 1994; Matsumoto
and Murakami 2002), rainfall amount (Wang
and LinHo 2002), and cloud amount (e.g.,
Tanaka 1992). Each of these elements is connected to or influenced by the other elements. A
significant temporal change in tagged water is
another example of integrated monsoon-related
elements.
Therefore, the increase and decrease of water
evaporated from the Indian Ocean may be used
to define the onset and end of the Asian monsoon. Matsumoto (1997) defines the onset using
precipitation amounts. That is, the first pentad
day of three sequential pentad days that exceed
the annual mean precipitation during a year
(January to December) is defined as the monsoon’s onset, and the last pentad day is defined
as the monsoon’s end. Instead of precipitation,
this study uses the amount of water from the
Indian Ocean in the local precipitable water as
another monsoonal index.
Figure 8 displays how pentad averaged Indian ocean water in precipitable water increases and decreases as time passes, averaged
over the Indochina peninsula and India (IP and
IND in Fig. 1, respectively). By using the new
definition, pentad numbers of onset are 33 (10–
14 June) and 36 (25–29 June) over respective
regions. Likewise, ends are 52 (13–17 September) and 55 (28 September–2 October). Both
the onset and end over India occur later than
those over the Indochina peninsula.
These results are spatially averaged, Fig. 9
thus shows the spatial distribution of the
onset and end dates in each grid. Figure 9a
shows that the earliest onset occurs over
southeast Indochina (around southern Thailand and Cambodia) on pentad 28–29 (16–25
May). Onset then proceeds northwestward to
northern Thailand and Myanmar, eventually
reaching India on pentad 36–37 (25 June–4
July). The transition to the monsoon end is
similar, but reversed. Figure 9b shows that the
earliest monsoon end occurs over northern Indochina around pentad 50–51 (3–12 Septem-
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Fig. 8. Pentad variations in Indian ocean
water in precipitable water from May to
October, 1998, averaged over Indochina
Peninsula (a) and India (b). Dashed
lines denote averages of this period.
Dots indicate onset and end dates of
Asian monsoon by using the new monsoonal definition with Indian ocean
water.

ber). The northern Arabian Sea also has an
early monsoon end. The monsoon then retreats
southward from both regions, almost in parallel
with latitudinal lines. Finally, the monsoon
end reaches southern Thailand (around Phuket), and Malaysia on pentad 59–60 (18–27
October).
The steady evolution of the monsoon onset
and end correspond with results found by Matsumoto (1997) and Wang and LinHo (2002),
who used pentad precipitation, and by Tanaka
(1992) who used cloud amount. Agreement with
previous studies may be merely a matter of
course, because the temporal and spatial variations of precipitation are both factors that
cause change in tagged water. However, the
tagged-water transport used here results from
wind and humidity in addition to precipitation.
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Fig. 9. Transition of the monsoon onset
date (a) and end date (b) using Indian
Ocean water in the definition of total
precipitable water (see manuscript for
details). The numbers with contour
lines indicate pentad numbers from 1
January. Regions where the average
of the Indian Ocean’s water for the
computation period exceeds 5 mm are
shaded. Gray levels of both figures
denote pentads (lighter is earlier).
Hatching indicates the Indian Ocean
region.

Thus, tagged-water analysis gives an integrated result and understanding of dynamic
atmospheric processes, particularly for the
Asian monsoon.
The result shown here is for a specific northern summer in 1998, which was characterized
as anomalous by several studies including Ding
and Liu (2001) and Shen et al. (2001). Thus the
situation is likely different in other years. In
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with CMA; nevertheless the analysis related
with the Asian monsoon is one example of CMA
applications.
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Fig. 10. As in Figure 9, but for using
pentad water cycling ratio ðP/WÞ as
monsoon onset/end definition.

this regard, longer simulations and analyses on
interannual variations of water origins or of the
monsoon evolution would be useful for further
understanding of the monsoon system.
Furthermore, the new definition with CMA
results here clearly displays the monsoon
evolution in an anual basis, whereas all of
the previous studies above used climatologies
to define the monsoon. Just for comparison,
Figure 10 shows the monsoon evolution using
the similar definition but for traditional pentad
averaged water cycle ðP/WÞ obtained from the
GAME reanalysis. Figure 10 is not as clear as
Fig. 9. It can therefore be said that the traditional definition with data in an annual basis
does not work so well in most regions as using
CMA results. This is indeed a new understanding obtained by determining the water sources

Summary and conclusions

Circulation models based on the atmospheric
balance equation with the upstream scheme
and external meteorological forcings have computed distributions of tagged water from specific regions. The accuracy of computations
has been inferred from the good isotopic reproduction of Rayleigh-type isotope circulation
models with the same atmospheric water
transport scheme, including the same forcings
(Yoshimura et al. 2003). Moreover, good isotopic reproduction on the daily time scale mirrors
the daily variation of computed tagged-water
distributions. Thus, this paper discusses the
temporal transition of the tagged-water distributions on daily scales.
A numerical simulation with 79 global sections was run for one Northern Hemisphere
summer: April to October 1998. The initially
assigned water was reasonably attenuated. The
e-folding time of atmospheric water on 1 April
was 7.2 days. This time was comparable with
bulk estimates by Trenberth (1998) for April
1998 using GAME reanalysis data, and with a
tagged-water simulation using GEOS-3 GCM
(Bosilovich et al. 2002). This implies not only
that the global water budget was appropriately balanced, but also that moisture transport was reasonably reproduced by the model
simulations.
A global map of the percentage of precipitation that originated as evaporation from
land surfaces (the continental cycling ratio) is
shown. Inland areas of continents have very
high rates of continental cycled precipitation.
The center of Eurasia, near the Tibetan Plateau and the Mongolian High region, has the
highest ratio (exceeding 80%). The distribution
corresponds with estimates by Bosilovich et
al.’s (2002) 15-year simulation using GEOS-3
GCM data. This similarity also gives justification to the simplicity of the water transport
model.
Transport and mixing of the tagged water
was visualized by the colored moisture analysis
(CMA) process. Moisture transport across the
Equator, associated with the southwest monsoon from the end of May to the end of
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September, showed clearly. Although these visualized figures are only conceptual and qualitative because the visualization method is
highly dependent on the arbitrary color assignment of each tag, the figures clearly outline
sequential changes, especially the distinct temporal changes caused by the Asian Monsoon.
Time sequences of variations in tagged water
at Bangkok, Thailand, and Calcutta, India,
were displayed. The results can help answer
the question of where today’s rain originates.
For example, according to Fig. 7, at Bangkok,
Thailand, more than 50% of the precipitation
came from the Indian Ocean in July 1998. The
relationship between the onset and the end of
the rainy season was discussed. Water that originated in the Indian Ocean reached Indochina
at the middle of May and retreated at the end
of September. This period corresponds to the
rainy season in the region (May to October).
The present results suggest a new definition for
the onset and the end of Asian Monsoon activity, namely the increase and decrease of water
from the Indian Ocean, which can be computed
by tagged-water transport simulations. The
evolving process of the onset and end date was
shown using this definition. Results agree with
previous studies, including those of Matsumoto
(1997) and Wang and LinHo (2002) using pentad precipitation, and that of Tanaka (1992)
using cloud amounts.
Elements that form the distinct activities of
Asian monsoon, such as precipitation, wind
speed and direction, and humidity, are closely
interrelated. Thus, compared to analyses that
rely on single elements, integrated analysis
such as tagged-water analysis gives a clearer
view of phenomena. As a result, monsoon transition in a specific year first became analyzable
with CMA, whereas all of the previous studies
used climatologies of those elements. Note that
the method’s good isotopic reproduction of
Yoshimura et al.’s (2003) daily- and global-scale
precipitation estimates validates the method’s
effectiveness.
In this study, the Asian monsoon was the
main focus as an example of applications of
CMA, but the results from CMA covers the
whole globe (except regions poleward of 85 ),
and they can help to understand phenomena in
other regional climates. Moreover, the simulation period was only one Northern Hemisphere
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summer in this study. This is because of data
availability in the GAME reanalysis. Thus,
longer simulations may be carried out using
data for longer period, and their results can investigate annual, and interannual, variation of
atmospheric water advection.
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