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Abstract
Enhanced observations of GAME provide better data concerning the global energy and water cycle, especially
over the Asian continent. Improvements achieved by utilizing GAME Reanalysis, operational rain gauge data

and AAN, among others, are discussed.
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1. Water and Energy Balance Study
1.1. The rationale

To understand how the global energy and water cycle
behaves, it seems a good way to look at variables ap-
pearing the equations of water balance and energy bal-
ance. These variables are well-defined in the context of
the physical laws of conservation of mass and energy, and
the values of them obtained at different space/time or
by different approaches can be compared within the same
framework in principle. The law of mass conservation does
not guarantee the constancy of mass of water substance
(water vapor, liquid water and ice combined), but, from
the past experience, we know that contribution of chemi-
cal changes between water substance and other substance
is relatively negligible. Water and energy balance study
is, in its narrower sense, either to estimate one component
of a balance equation that is not directly observed, or to
assess the accuracy of our estimation when values for all
components are somehow given. In its somewhat broader
sense, it also means to recognize the actual magnitude and
the relative importance of each term in the equations, and
how they vary across the wide range of space and time.

Water and energy balance study in the global scale is
possible only with global scale data sets. Studies in the
smaller spatial scales than global are, however, also im-
portant to it. Global data sets inevitably depend on in-
direct estimation, either by remote sensing or by numer-
ical modeling. Regional studies can utilize more direct
observations, and thus make the quality of evaluation of
global scale balance better. Even spatially and tempo-
rally limited experimental observations can be compared
with global data sets and give suggestions about possible
improvement of global data sets.

Regional studies also contribute to understanding of the
global energy and water cycle by way of inter-regional
comparison. Even people who study something global
usually live in a limited region, and characteristics of cli-
mate and hydrology of the region strongly influence their
view of the world. We should know how similar and how
different they are in other regions of the world. In this
context it is again important that they are expressed in
the same framework. Attention to variables entering the

balance equations is a good point to start.

1.2. GEWEX Water and Energy Bal-
ance Study

Water and Energy Balance Study (WEBS) in the

context of Global Energy and Water
(GEWEX) was proposed as
study item by John Roads (the present chairper-
son of GEWEX Hydrometeorological Panel (GHP),
based at Scripps Institute of Oceanography, USA) (see
http://ecpc.ucsd.edu/ghp/WEBS.html). It is one of the
attempts synthesize the findings of GEWEX continental-
scale experiments (CSEs). GAME is one of the CSEs.
Roads had played an important role in the synthe-
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sis of water and energy balance obtained during the
GEWEX Continental-scale International Project (GCIP)
conducted in the Mississippi river basin. He edited a CD-
ROM for GCIP WEBS (Roads et al. 2002a), including
water and energy balance products both global-scale and
regional-scale, and both observational and model-derived.
He participated in comparative studies for GCIP (e.g.
Maurer et al. 2001). On the other hand, he also dis-
cussed water and energy balance of all CSE regions with
global data only (Roads, 2002, Roads et al., 2002b).

In 2002, a working group for WEBS was organized un-
der GHP with Roads’s initiative, and I became its member
representing GAME. The practical goal of the project is
to make an inter-regional comparison of water and energy
balance, similar to Roads et al. (2002b), but with regional
data sets from CSEs in addition to a common set of global
data.

The target of this limited part of WEBS is the aspects
of water and energy balance that can be expressed by
monthly averages. The horizontal resolution is not ex-
plicitly specified, but it is implicitly determined from the
characteristics of global data sets. Their horizontal res-
olution is nominally between 1.0 degree and 2.5 degrees
latitude/longitude, and some variables such as moisture
convergence C' (see below) have actually coarser resolu-
tion than nominal. The variables to be assembled and
discussed is also limited to those appearing in the verti-
cally integrated water and energy balance equations. The
equations can be written as follows in my version of no-
tation. Some of them are not exact but approximate.

e Mass balance of water on an area of land (preferably
a river catchment)

s
G =FP-E-R (1)

e Mass balance of water vapor in an atmospheric col-

umn dW
S _E-P 2
dt +c 2)



e Energy balance at the surface
G= Rnet,sfc —H-LFE (3)

e Total energy balance in an atmospheric column

d(ed + LW)

dt - Rnet,top - G + (Cd + LC) (4)

e “Dry” energy balance in an atmospheric column

ded

E = Rnct,top - Rnet,sfc +H+LP+ Cd (5)

where S is terrestrial water storage, W is water vapor con-
tent in the atmosphere, Pis precipitation, F is evaporation
from surface, R is runoff, C'is convergence of horizontal
transport of water vapor in the atmosphere, eq is ”dry”
energy content in the atmosphere, Rpet,top 1S net down-
ward radiation at the top of the atmosphere, Ryet stc is net
downward radiation at the surface, G is net downward en-
ergy flux at the surface (conduction below land surface),
H is net upward sensible heat flux at the surface, Cy is
convergence of horizontal transport of ”dry” energy in the
atmosphere, and L is latent heat of vaporization of unit
mass of water.

Obviously, this limited target does not fully represent
the synthesis of activities of CSEs such as GAME. There
are many field campaigns, however intensive, which do
not cover one calendar month and thus cannot contribute
numerical values to the intercomparison. There are many
studies that aim at three-dimensional distribution of heat
sources in the atmosphere. One of such framework was
“Q1 and Q" first formulated by Yanai (1961) and applied
in the context of GAME by Ueda et al. (2003) among oth-
ers. The vertically integrated monthly statistics is just the
first step of WEBS, or “Initiative 1”7 as called by Masuda
and Sohn (2003).

2. Atmospheric reanalyses
2.1 Introduction

Data assimilation has become familiar in the context
of meteorology and increasingly also of oceanography and
hydrology. A rough description of it is to run a forecast
model (in a computer), continuously updating the fore-
cast variables with observational data, to achieve gapless
gridpoint values which are good approximation of the real
world and physically consistent. Actually the insertion of
data may be intermittent rather than continuous, and con-
sistency of the values in the products is not ideal. Assimi-
lation of meteorological data is routinely done in real-time
as a part of numerical weather prediction. They can incor-
porate experimental observations if they are reported in a
standardized way in time. Actually, some of enhanced ra-
diosonde observations in GAME were used this way. But
most of experimental observations become available many
days later. To utilize them, data assimilation should be
done in non-real-time manner.

Non-real-time assimilation projects or their products
are often called “reanalyses”. Some of reanalyses cov-
ers many decades. U.S. National Centers for Environ-
mental Prediction (NCEP) as well as European Centre
for Medium-range Weather Forecasts (ECMWF) have is-

sued long-term reanalysis data sets. These data sets

comprise a major part of “global data sets” utilized in
global WEBS together with global synthesis based on
satellite observations. Also, Japan Meteorological Agency
(JMA) and Central Research Institute of Electric Power
Industries (CRIEPI) jointly conduct a project “JRA”
(see http://www.jreap.org/) to produce global reanaly-
sis covering a period from 1979 to present. Later versions
of intercomparison of global WEBS will include JRA.

2.2 GAME Reanalysis

In GAME, two versions (1.1 and 1.5) of “GAME
Reanalysis” (GAME-RA) was produced by a team based
at Meteorological Research Institute of JMA (Yamazaki
2003).
series because the team is reorganized as a part of the
JRA team.) These are global reanalyses that cover a
7-month period from April to October 1998. The hori-
zontal resolution is “T'213” and its grid interval is about
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5.6 degrees latitude/longitude. It used a somewhat modi-
fied version of JMA’s operational data assimilation sys-
tem. The scheme for spatial interpolation is “optimal
interpolation (OI)”. It was planned to implement “three-
dimensional variational method (3D-VAR)” in the Version
2. But it was not successful to produce better results by
3D-VAR than by OI. Thus a revised version with OI is re-
leased as Version 1.5 instead of planned Version 2. (Later,
after more research work, 3D-VAR was implemented in
JMA’s operational data assimilation and it is also used
in JRA.) The main difference between GAME-RA and
JMA operational global analysis is the richness of input
data. The period of Reanalysis covers the Intensive Ob-
serving Period of GAME-Tropics, GAME-Tibet, GAME-
HUBEX and also SCSMEX (South China Sea Monsoon
Experiment), TIPEX (Tibetan Plateau Experiment) and
KORMEX (Korean Monsoon Experiment), and many ex-
perimental data are contributed in addition to operational
data transmission.

As I compared water balance of GAME-RA with other
global data sets (Masuda, 2003), it is found that monthly
mean, continental scale precipitation as derived from the
forecast model of the reanalysis was close to observation-
based data such as Global Precipitation Climatology
Project (GPCP) in cold region in summer where both
of the two versions of NCEP-RA give excessive precipita-
tion. On the other hand, the balance of atmospheric water
vapor between P, E and C that should vanish, is worse
in GAME-RA than in NCEP-RA. Comparison of evapo-
ration with observations (though they are local and not
necessarily representative of regional averages) suggests
that forecast models of both GAME-RA and NCEP-RA
over-estimates evaporation. In the tropics, agreement of
precipitation between GAME-RA and observation-based
data is good in some region and not so good elsewhere.
It is noteworthy that the regional average precipitation in
the Indochina Peninsula is represented well, presumably
due to enhanced data of GAME-Tropics. Distribution of
precipitation within this region is not so well reproduced,
however.

GAME-RA is used in many studies related to water
and energy balance. Noteworthy examples are three-
dimensional heat and moisture budgets around the Ti-



betan Plateau (Ueda et al. 2003) and transports of water
isotopes around the GAME-Tropics region (Yoshimura et
al., 2003). It is also used as boundary and initial condi-
tions for studies by using regional meteorological models.

2.3 Other atmospheric reanalysis activ-
ities in GAME

GAME-HUBEX Regional Reanalysis (Wakatsuki et al.
2003) was produced by using JMA’s Regional Spectral
Model (RSM) data assimilation system with input en-
hanced by experimental observations of HUBEX. It covers
a one month time frame from 19 June to 19 July 1998, at 6
hour time interval and 20 km spatial resolution. GAME-
RA Version 1.1 was used as boundary and initial condi-
tions.

Tanaka et al. (2004) combine JMA’s RSM data assim-
ilation system with a land surface model “SiBUC”, and
try to produce an improved reanalysis of the coupled land-
atmosphere system.

3. Collection of operational data
3.1. Collection of precipitation data

In addition to experimental observations, agencies in
many countries contributed data of their operational ob-
servations to GAME. The coverage is uneven, due partly
to policies of the agencies and partly to interests of the
scientists who collected the data.

Among them, the collection of daily precipitation data
in Southeast Asian countries is noteworthy. It is achieved
by continuous collaborations between Southeast Asian
countries (especially Thailand) and Japan, enthutiastic
data collection by Jun Matsumoto (Univ. Tokyo), and
data management by Yasushi Agata (Univ. Tokyo) at
http://hydro.iis.u-tokyo.ac.jp/GAME-T/GAIN-T/.

3.2. Impact of precipitation data
Utilizing this GAME-T collection together with other
sources (notably the collection by the Mekong River Com-
mission, an international organization based now at Vien-
(2004) analyzed the spatial dis-
tribution and the seasonal cycle of precipitation in In-
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dochina Peninsula. It is found that the contrast between
maxima in mountainous areas and minima in lowlands is
larger than global data sets suggest. It is still difficult
for global forecast models to simulate the pattern of pre-
cipitation in this area. The problem of observation-based
global data sets is that few reports from such countries
as Myanmar, Laos and Cambodia arrive at meteorologi-
cal agencies in Europe or North America where the global
archive is compiled. It happened, however, that the re-
gional average precipitation in the middle Mekong river
basin (between Chiang Saen [Thailand] and Pakse [Laos])
is almost the same whether observation-based global data
sets such as GPCP or the enhanced rain gauge data are
used. In the upper Irrawaddy (above Sagaing [Myanmar])
the difference is significant, though comparison with river
discharge suggests that precipitation in this region is still
under-estimated with the enhanced rain gauge data.

4. Regional land surface fluxes
4.1. Asian AWS Network

In GAME, automated weather stations were installed
in many locations on the Asian continent to continu-
ously monitor surface energy balance components and
related variables. Many of them are collectively called
Asian AWS Network (AAN) with the arrangement of
Michiaki Sugita et al.
(http://www.suiri.tsukuba.ac.jp/Project/aan/
aan.html). Data of hourly or half-hourly observations
are available both on CD-ROMs and on the Internet.
Surface fluxes observed by AAN was used for evaluating
the fluxes calculated by the forecast model of GAME-RA
(Yatagai et al. 2003).

at the University of Tsukuba

4.2. Comparison between AAN and
satellite retrievals

AAN data is also useful for evaluating radiative fluxes
at the surface obtained by retrievals of satellite observa-
tions. For this purpose, more precise observations are
desirable. In Asia, however, stations of Baseline Surface
Radiation Network do not except except in Western Asia
and Japan. Several precision radiation stations were in-
stalled by GAME-Radiation activity and some of them
continues as part of SKYNET, but, because of difficulty
in maintaining precision instruments on the field, their
records are generally less continuous than AAN.

On the side of satellite retrievals, the Surface Radiation
Budget (SRB) data set produced by Paul Stackhouse
at NASA Langley Research Center (LaRC, see
http://srb-swlw.larc.nasa.gov/GEWEX_SRB_homepage
.html) is designated as the GEWEX SRB product, but
its coverage is July 1983 to October 1995 as has been
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released and do not overlap the Intensive Observing
Periods of GAME. The production of SRB uses cloud
information from the “D series” of International Satellite
Cloud Climatology Project (ISCCP). Zhang and Rossow
at NASA Goddard Institute of Space Studies (GISS) who
produced ISCCP data has also made a data set (called
“FD”) of radiative fluxes which extends to June 2001
http://isccp.giss.nasa.gov/projects/flux.html.
Rachel Pinker et al. at the University of Maryland
also made “Pathfinder” shortwave flux data which
extends to December 1998 (http://www.atmos.umd.edu/
grb/pathfinder/). The FD and Pathfinder data sets
have lower spatial resolutions (2.5 deg. lat./long.) than
LaRC SRB (1 deg.), however.

Masuda (2004) compared monthly mean values of
downward shortwave and longwave fluxes at several AAN
stations with those of the nearest grid boxes of SRB, FD
and Pathfinder data sets. Interpretation of the difference
found is difficult, especially in the tropics where there
seems to be significant regional inhomogeneity of cloud
distribution. In some cases, however, the comparisons
reveal systematic problems of satellite retrievals. Down-
ward shortwave radiation as given by SRB and Pathfinder,
which use the same Pinker-Laszlo algorithm, are under-
It seems that the
high land elevation and consequently thin atmospheric

estimates in the Tibetan Plateau.

column are not properly taken into account in the pro-
ductions. FD over-estimates downward longwave radia-
tion in Siberia in winter and perhaps under-estimates it
in Tibet in summer. It can be traced back to the differ-



ence between the actual atmospheric temperature profile
based on TOVS retrievals which was used in the produc-
tion of FD. SRB does not share this bias because LaRC
used temperature profile from an atmospheric reanalysis
(GEOS by NASA), which is likely to better represent re-
alistic vertical profile than TOVS retrievals.

4.3. Evaluation of regional land surface
fluxes

One way to know surface energy and water fluxes in
the regional scale is running a land surface model with
near-surface meteorological data as input.

For the HUBEX region, Tanaka et al. (2001) run
SiBUC on a 5 minute latitude/longitude (approximately
10 km) grid for May to August 1998. Among the input
meteorological data, downward radiation was estimated
by using Geostationary Meteorological Satellite observa-
tions. Their team continues improvement of the assimila-
tion.

For the Tibetan Plateau, Xu and Haginoya (2001) and
Xu et al. (2004) use a simple model of energy and water
transfer in the soil layer (assuming that the effect of veg-
etation is negligible) and operational meteorological data
to obtain surface fluxes at the operational stations in the
plateau for 1997 and 1998. The empirical formula used in
the study was calibrated with reference to experimental
observations. Also, the groups lead by Toshio Koike at
the University of Tokyo, Yaoming Ma at Institute of Ti-
betan Plateau Research, and Hirohiko Ishikawa at Kyoto
University utilize satellite data and land surface models.

5. Concluding remarks

I am afraid I have missed many studies relevant to this
subject. I welcome information about them.

Even though research funding under the name of
GAME is about to end, utilization of the rich informa-
tion obtained by GAME has just started. Interpretation
of it requires more thinking, more comparison, or maybe
modelling studies. We should continue water and energy
balance studies and merge our experience of GAME into
a broader knowledge base.
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