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ABSTRACT

Results of an intercomparison study under the Atmospheric Model Intercomparison Project (AMIP) to assess the
abilities of 29 global climate models (GCMs) in simulating various aspects of regional and hydrologic processes in
response to observed sea surface temperature and sea ice boundary forcings are presented. The authors find that the
models generally portray an earthlike climate to approximately 10%-20% of the global land surface temperature
(= 14.8°C) and global precipitation (= 2.3 mm day" )- While a majority of the models have a reasonable global water
budget, about a quarter of the models show significant errors in the total global water balance.
While the model frequency distributions of heavy precipitation associated with deep convection are in reasonable
agreement with observations, a systematic underestimate of the frequency of occurrence of light precipitation events
(< 1 mm day ) is present in almost all the AMIP models, especially over continental desert regions and over tropical
and subtropical oceanic regions contiguous to the west coasts of continents where low-level stratocumulus clouds
tend to occur. This discrepancy is presumably related to the crude treatment of moist processes, especially those related to low clouds and nonconvective precipitation in the models. Another common problem in the global rainfall
distribution is the presence of spectral rain or spurious gridpoint-scale heavy rain. The artificial anchoring of rainfall
to topographic features in the Maritime Continent appears to be a generic problem in many GCMs. Models differ
substantially in the magnitude of the rainfall amount over the eastern Pacific ITCZ for all seasons. The simulated
boreal summer rainfall distributions have large variability over the Indian subcontinent and the Bay of Bengal. The
northward migration of the monsoon convective zones are not well simulated. In particular, the East Asian monsoon
rainband over the subtropical western Pacific is ill-defined or absent in all models.
On the interannual timescale, the models show reasonable skills in simulating the fluctuations of the Southern Oscillation and the eastward migration of the major equatorial precipitation zone during ENSO. Most models show useful
rainfall prediction skill in the Tropics associated with ENSO-related SST forcing. However, the models do not show any
useful skill for extratropical rainfall prediction from specified anomalous global SST forcing. Overall, the models depict a
reasonably realistic annual cycle of water balance over regions where long-term local moisture balance is maintained—
that is, (P-E) ~ 0—over large interior land regions in the extratropics. In regions of strong dynamic control—that is,
(.P-E) » 0—such as the tropical western Pacific, monsoon regions, and the ITCZ, the intermodel variability is very large.
The simulated water balance over large river basins has been validated against hydrographic river discharge data
using a river-routing model. Results show that while the model ensemble mean runoffs are consistent with the climatological observed river discharge for the Amazon and Mississippi, the intermodel variability is substantial. The models
yield even more divergent results over other world river basins. These results suggest that while some GCMs may have
moderate capability in capturing some aspects of the climatological variation of runoff, it is premature to use them for
climate studies related to continental-scale water balance. A ranking of the AMIP models and some possible implications based on the above performance are also presented.
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1 .Introduction

There is no doubt that global climate models
(GCMs) have played a pivotal role in unraveling the
physical mechanisms for climate variability and global change. While uncertainties still remain, GCMs
are increasingly being used to make climate predic2209
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tions. An assurance of the reliability of model prediction is that when given suitable boundary or external
forcings, the model can realistically simulate the mean
state and evolution of the present climate. The Atmospheric Model Intercomparison Project (AMIP) represents a concerted effort by the climate modeling
community to provide a comprehensive evaluation of
the state-of-the-art GCMs in simulating the diverse aspects of the present climate and its variability. Under
AMIP, modeling groups from around the world have
agreed to carry out a 10-yr (1979-88) integration of
their GCMs forced by identically prescribed sea surface temperature and sea ice distributions, C0 concentration, and solar constant (Gates 1992). As a result
of the AMIP effort, monthly standard model outputs
are available to the scientific community for
intercomparison of a wide range of model variables
and physical quantities. Also available are 6-h histories of selected variables for specific focused investigations. The AMIP intercomparisons are organized
via diagnostic subprojects focusing on different
phenomenologies, which include the global hydrologic cycle, tropical intraseasonal variability, monsoon
dynamics, atmospheric angular momentum, cloud and
water vapor radiative forcings, land-surface processes,
river runoff, and extratropical and polar processes.
The findings of this paper are the results of a diagnostic subproject on global hydrologic processes.
Recently Lau et al. (1995) documented a detailed
analysis of the global hydrologic processes in 23
AMIP GCMs under one of the diagnostic subprojects
mentioned above. In their report, results were shown
in the form of an atlas of a large number of atmospheric and surface hydrologic variables. These included global and hemispheric averages, latitudinal
profiles, and water balance over the Tropics,
extratropics, and selected ocean and land domains.
Other quantities also intercompared included rain-rate
frequency distribution, annual and semiannual cycles,
and interannual anomaly correlation of precipitation
and evaporation.
Subsequently, more data became available for 6
additional AMIP models. The present study is an extension of Lau et al. (1995), which includes the additional models and a few more parameters for intercomparison. Also included is a new method of validating continental-scale water balance using river runoff data. The emphasis of this paper is on the collective
assessments of the models. Discussion and results
relating to the individual model will be limited. For
more details regarding individual model performance
2
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and characteristics, the reader should refer to the Lau
et al. (1995) report as well as the Program for Climate
Model Diagnostics and Intercomparisons (PCMDI) on
the World Wide Web (http://www-pcmdi.llnl.gov)
and results from other AMIP diagnostic subprojects
(Phillips 1994). Section 2 constitutes the main body
of this paper, where we evaluate the performance of
the AMIP models based on a number of benchmark
tests related to various aspects of the global and regional hydrologic cycle. In section 3, we provide a
ranking of the models based on performance criteria
developed from the benchmark tests. A summary of
the intercomparison and concluding remarks are presented in section 4.
2 . Results

This section presents the highlights of the benchmark tests. The model outputs are also compared with
available observations and/or analyses or checked for
internal consistency. A number of validation datasets
are used for this intercomparison. These include the
gauge-derived rainfall climatology of Jaeger (1976)
and that of Legates and Willmott (1990). Both the corrected and the uncorrected versions of the Legates and
Willmott datasets are used. In the former, the precipitation data from rain gauge measurement have been
modified to reduce the systematic error rising from
wind effect on elevated platforms, wetting on the internal surface of the gauges, and evaporation from the
gauges. In the Tropics, the correction increases the
original uncorrected precipitation up to 5%. In the
polar regions, a more than 40% increase in precipitation was common at the poles because of the wind
effect. In addition, the Microwave Sounding Unit
(MSU) rainfall estimate (Spencer 1993) for observed
oceanic precipitation and Schemm et al. (1992) for
observed land precipitation and land surface temperature are used. For global (land and ocean) rainfall, the
MSU rainfall dataset has been merged with the land
precipitation of Schemm et al. From here on, we refer to the merged dataset as MSUG (MSU gauge).
Climatological estimates of evaporation are obtained
from Peixoto and Kettani (1973), and Baumgartner
and Reichel (1975). When appropriate, we also compared the model results with those from previous observational studies using long-term historical climate
datasets (e.g., Jones et al. 1986a,b; Vinnikov et al. 1990).
The lists of models and acronyms used are shown
in Table 1. The model results are compared among
Vol. 77, No. 7 0, October 7 996
Unauthenticated | Downloaded 01/09/23 01:38 AM UTC

TABLE

1. Acronyms for A M I P models and validation datasets.

BMR

Bureau of Meteorology Research Centre

JMA

Japan Meteorological Agency

CCC

Canadian Centre for Climate Research

LMD

Laboratoire de Meteorologie Dynamique

CNR

Centre National de Recherches Meteorologiques

MGO

COL

Center for Ocean-Land-Atmosphere Studies

Main Geophysical Observatory, St. Petersburg,
Russia

CSI

Commonwealth Scientific and Industrial Research
Organization

MPI

Max-Planck-Institut fur Meteorologie

MRI

Meteorological Research Institute of Japan

CSU

Colorado State University

NCA

National Center for Atmospheric Research

DER

Dynamical Extended Range Forecasting at GFDL

NCEP

National Centers for Environmental Prediction

DNM

Department of Numerical Mathematics of the
Russian Academy of Sciences

NRL

Naval Research Laboratory, Monterey, California

ECM

European Centre for Medium-Range Weather
Forecasts

SNG

State University of New York at Albany/NCAR
GENESIS Model

GFD

Geophysical Fluid Dynamics Laboratory

SUN

State University of New York at Albany CCM1

GIS

Goddard Institute for Space Studies

UCL

University of California, Los Angeles

GLA

Goddard Laboratory for Atmospheres

UGA

The U.K. Universities' Global Atmospheric
Modelling Programme

GSF

Goddard Space Flight Center

UIU

University of Illinois at Urbana-Champaign

IAP

Institute of Atmospheric Physics of the Chinese
Academy of Sciences

UKM

United Kingdom Meteorological Office

YON

Yonsei University, Korea

Rainfall verification dataset
JGR

Jaeger climatology, 12-month monthly mean

LWU

Legates/Willmott climatology, uncorrected, 12-month monthly mean

LWC

Legates/Willmott climatology, corrected, 12-month monthly mean

MSU

Oceanic rainfall estimated from the Microwave Sounding Unit on NOAA polar orbiting satellite on 4° x 5° grid from
January 1979 to December 1989

MSUG Global MSU rainfall blended with rain gauge data over land

themselves and with data for the AMIP period (197988) if available. Otherwise, the models are compared
with climatology. In such a case, only the statistical
patterns of the time-mean fields are examined. It is
worth pointing out that under AMIP, except for a few,
the soil moisture in most models was interactive and
that no data assimilation was included even if opera8ulletin of the American Meteorological Society

tional models were used. This is particularly relevant
when considering the continental-scale global water
balance described later.
a. Global precipitation and surface temperature
The first step in the intercomparison is to determine
whether the AMIP models are simulating an earthlike
2211
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climate as defined by the global mean surface tem- tainty, the natural (temporal) variability of the global
perature (7) and precipitation (P). Figure 1 shows the surface temperature and precipitation represented by
scatterplot of model global mean surface air tempera- the standard deviation of annual means of the two
ture and precipitation over land and the l-o and 2-a variables for each models and for different observalimits spanned by the models. The land-only region tions are shown in Table 2. Here it can be seen that
is chosen because of more reliable observations of the natural variability of surface air temperature
surface temperature and precipitation (Legates and (- 0.1°-0.25°C) and precipitation (- 10-20 mm annual
Willmott 1990). The climatic states of the different total) are comparable among models and observational
models and the earth are represented by points in the estimates based on Schemm et al. (1992) data and those
T-P phase space. Figure 1 shows that the global mean from previous studies (Vinnikov et al. 1990; Jones et al.
surface air temperature and precipitation have large 1986a,b; Hansen and Lebedeff 1987). The natural
variability among models. The model ensemble mean variability of each model and observation is generally
surface temperature and rainfall over land is 13.8°C less than 2%-3% of the corresponding global mean.
and 2.8 mm day with standard deviations 1.7°C and
However, as shown in Fig. 1, over the global land
0.5 mm day , respectively. Compared to the observed regions the range can be as much as 6°-7°C in simuclimatology of global surface temperature (= 14.8°C) lated global mean surface air temperature and 1.5and precipitation (= 2.3 mm day ), we conclude that 2.0 mm day in global mean precipitation. This is a
the models collectively are simulating an earthlike substantial range compared to the models' natural
climate. As confirmed by subsequent analysis, mod- variabilities. This large discrepancy warrants attenels (e.g., MGO, IAP, and CSU) that lie outside the tion, especially in the use of individual model to
2-a limit generally have inherent inconsistencies in project climate change scenarios relating to the glotheir global precipitation and/or global water balance bal hydrologic cycle. Obviously, the precipitation uncompared to observations. The standard deviations of certainties can lead to large errors in condensation
observed global mean temperature and precipitation heating. Because these errors are often accompanied
are not available. As an alternate measure of uncer- by other compensating factors, the circulation simulated by the GCMs may still be realistic in a broadscale
sense, but the energy transport and transformation processes
and the model equilibrium climate will cerSee Table 1 for model acronyms.
tainly be reflected by the errors. This is
evident in Fig. 1, where the model ensemble mean shows a cold bias of approximately 1°C and a precipitation bias
of 0.5 mm day with respect to the observation. As a group, the models also
exhibit a systematic cold-wet/warm-dry
trend. This is most likely related to the
different parameterization of evaporation
and soil moisture in the models. In the
above assessment, it must also be remembered that the uncertainties in the
observed global surface temperature and
precipitation, in particular the latter, may
also be quite large.
-1
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b. Global water balance
The global mean of precipitation minus evaporation {P-E) is a test of the
conservation of water mass. By definiFIG. 1. Ten-year mean global surface air temperature (°C) and precipitation tion,
this quantity should vanish exactly
(mm day- ) averaged over land between 60°S and 70°N for 29 AMIP GCMs. The
when
averaged over the globe for a sufobserved rainfall and surface temperature over land (represented by the closed
ficiently long period. Figures 2a and 2b
dark circle) are obtained from Legates and Willmott (1990).
1
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FIG. 2. Ten-year global mean water balance (.P-E) for 29 AMIP models (a) for land, ocean, and globally, and (b) for the Northern
Hemisphere, Southern Hemisphere, and global mean. Here P&K and B&R denote, respectively, observations from Peixoto and Kettani
(1973), and Baumgartner and Reichel (1975).

show, respectively, the water budget over land, ocean,
the Northern and Southern Hemispheres, and the entire globe. To facilitate interpretation, the following
crude estimate will be helpful. If we take a typical value
of 1.3 x 10 m as the total atmospheric water vapor
content (Peixoto and Oort 1992), it is estimated that a
global budget error of one basic unit (= 10 m yr )
in (P-E) will translate into an error in global atmospheric water vapor of approximately 8% per year.
Models with such magnitude of water imbalance cannot sustain the AMIP integration without some artificial generation or dissipation of atmospheric water
vapor. Obviously models with such errors are unsuitable for long-term climate studies. Figure 2a shows
that most of the models have an approximate global
hydrologic balance of the same order of magnitude or
less than the basic unit of water balance. Seven out of
the 29 models have global water imbalance much
larger than the basic unit (BMR, COL, IAP, NRL,
SUN, UIU, and YON). The water imbalance is particularly severe in the UIU and the YON models. On
the whole, the model estimates of P-E are within 50%
of the estimates by Peixoto and Kettani (1973), and
13

3

12
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Baumgartner and Reichel (1975). All models demonstrate the obvious fact that globally the ocean is a
source (P-E > 0) and land is a sink (P-E > 0) of atmospheric moisture (Fig. 2a). Most models consistently show that the Southern (Northern) Hemisphere
generally is a source (sink) of atmospheric moisture
(Fig. 2b). This implies a net long-term transport of
atmospheric moisture from the Southern to the Northern Hemisphere and net reverse transport of water of
the same amount by the World Ocean.
The P-E analysis has also been carried out for all four
seasons (not shown). Here, positive P-E imbalance is
found over land for all models for all seasons, implying
a year-round net transport of moisture from ocean to
land. Results also show that the Northern and Southern
Hemispheres reverse their roles as source and sink of
atmospheric moisture seasonally. The strongest northward interhemispheric moisture transport occurs during
summer [June, July, and August (JJA)] and the weakest occurs in spring [March, April, and May (MAM)].
While all models are consistent in depicting the direction of water vapor transport as a function of the season, the amount of transport varies greatly among them.
2213
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c. Rainfall frequency distribution
TABLE 2. Standard deviations of annual mean surface air temperature and
The monthly mean frequency charac- precipitation
total over land for models and observations.
teristics of model and observed rain rates
and their standard deviations are shown
P(mm)
T(° C )
in Figs. 3a-d for land and ocean, respectively. The frequency count for a given
(35°-70°N)
(60°-70°N)
(60°S-90°N)
(0°-90°N)
rain-rate category is based on the total G C M
number of gridpoint occurrences of BMR
0.23
0.25
14
12
monthly rain rate normalized by the
total number of grid points over the en- CCC
0.18
0.16
11
23
tire 120-month AMIP period over the
0.16
0.18
24
19
globe. As such, it is a coarse description CNR
of integrated spatial and temporal dis0.12
0.15
5
15
tributions of global precipitation. This COL
description provides no information dis- CSI
0.26
0.27
8
13
tinguishing long periods of rain from
0.15
0.18
10
10
episodic heavy rain events that may oc- C S U
cur within the period of a month. The DER
0.39
0.51
23
18
characteristics of the frequency distribution of the model rain rates is in general DNM
0.09
0.09
4
8
agreement with that of the observed,
0.16
0.16
10
having decreasing frequency toward the ECM
20
high rain rates. Both model and obser0.18
0.19
10
23
vation show that the higher monthly rain GFD
rate (> 6 mm day ) associated with deep GIS
0.25
0.30
9
21
convection occurs for less than 3% of
the global grids for both land and ocean, GLA
0.24
0.30
31
33
respectively. A common discrepancy
0.13
0.15
7
11
among models is that they all underes- GSF
timate the frequency for the light rain IAP
0.18
0.20
8
13
rates (= 0-1 mm day )- This may be
caused, in part, by sampling errors, but JMA
0.17
0.18
13
22
the magnitude of the discrepancy sug0.24
0.28
10
24
gests that the differences are real. The LMD
systematic underestimates appear to be
0.21
0.25
29
28
concentrated in the tropical eastern MGO
Pacific, the subtropical oceans adjacent MPI
0.21
0.19
21
15
to the west coasts of continents, and the _ _ _ _
large desert land masses of Eurasia,
Africa, and North America (not shown,
but see Lau et al. 1995). These are regions where low model frequency distributions (see also Lau et al.
stratocumulus clouds and shallow convection occur 1995) indicates that for a given rain rate there is genfrequently, but deep convection does not. The afore- erally larger variability in frequency distribution
mentioned systematic difference portends a funda- among models than among observations. This is also
mental deficiency in the representation of rainfall and evident in the large ensemble standard deviation
moist processes, especially those related to shallow shown in Fig. 3c.
clouds in models. This deficiency indicates a need for
better treatment of precipitation of the nonconvective d. Zonal mean precipitation
type, that is, mid- or low-level stratocumulus and shalThe zonal mean profile of simulated and observed
low convection, which are either absent or poorly rep- rainfall is shown in Figs. 4a and 4b for December to
resented in the models. Examination of the individual February (DJF) and JJ A, respectively. In DJF, there
-1

-1
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TABLE 2.

Continued.
P(mm)

T(°C)
GCM

(60°S-90°N)

(0 - 9 0 ° N )

(35°-70°N)

(60 ° - 7 0 ° N )

MRI

0.13

0.17

11

8

NCA

0.17

0.18

12

28

NMC

0.29

0.40

10

18

NRL

0.14

0.14

5

10

SNG

0.23

0.27

12

31

SUN

0.25

0.25

20

28

UCL

0.16

0.17

8

7

UGA

N/A

N/A

8

32

3

the uncertainties of the satellite rainfall algorithm at high latitudes. In JJA
(Fig. 4b), there is good agreement
among models and observations in magnitude and in the positions of the ITCZ,
the subtropical rainfall minima, and the
extratropical secondary maxima. Larger
simulated rainfall variability (relative to
the ensemble mean) is found in the
extratropics storm tracks, both in the
winter and summer hemispheres. The
models appear to overestimate the rainfall in the southern subtropics and in the
higher latitudes. Again, the aforementioned caution regarding observations
over the southern oceans should be applied here also.

e. Zonal mean surface hydrologic
forcing (P-E)
The long-term mean P-E balance
0.22
0.22
13
UIU
15
over land is a useful quantity for a self0.27
UKM
0.23
10
11
consistency check of the simulated hydrologic processes in the atmosphere
0.14
0.14
YON
9
9
over land, because it is directly related
to river runoff. Figures 5a-c show that
0.34
0.28
OBS*
13
16
the model P-E for the annual and the
14
N/A
Vinnikov et al. 0.20
0.23
seasonal mean is in reasonable agreement with the observed. Except for a few
0.24
N/A
0.21
N/A
Jones et al.
models, the 10-yr mean P-E is generally
positive
over land, indicating that the
0.22
N/A
N/A
Hansen and
0.26
land
regions
are sinks of atmospheric
Lebedeff
moisture (Fig. 5a). A negative long-term
*OBS land surface air temperature and precipitation are based on world
mean P-E over land is physically unremonthly surface station climatology at NCAR, prepared by Schemm et al.
(1992) for the AMIP period. The climatological temperature data are for the alistic. Since river flow is not parameterized in GCMs, negative P-E in the
period 1881-1987 and precipitation data from 1891 to 1986.
long-term mean represents a continuous
drying of the soil, which cannot be susis large variability among the models both in the mag- tained because of the limited water-holding capacity
nitude and the location of the ITCZ (Fig. 4a). The ob- of the soil. A number of models show long-term negaservation shows a weak double maxima, with a tive P-E over land (e.g., CSU, GSF, NCA, UCL) inminimum near the equator. Only a few of the models dicating a possible basic problem in the land surface
(BMR, CNR, COL, NCEP, and UKM) are able to re- water balance in these models. However, it should be
produce this feature. Overall, the model ensemble noted that in two of the above models (GSF and UCL),
mean agrees very well with observation both in mag- the land moisture is prescribed so that the imbalance
nitude and in the shape of the latitudinal profile, ex- does not necessarily imply errors in the moisture concept in the southern extratropical oceans where all servation schemes in these models. The small negamodels fail to produce the high-latitude rainfall maxi- tive values of P-E in the seasonal profile in the
mum indicated in the observation. However, this subtropics indicated in Figs. 5b and 5c may be related
maximum in the observed rainfall itself may not be to the seasonal variation in soil moisture or underreliable because of the lack of in situ observations and ground water storage in the models. Excessive E and
8ulletin of the American Meteorological Society
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tracks—are similar to observation in the
broadscale sense (Figs. 6a-d). However,
the model ensemble mean appears to
portrait latitudinally broader features in
the Tropics. This is related to the different locations of the model ITCZ, as
shown in Fig. 4a. During DJF, the model
mean shows more rainfall anchored
around the Maritime Continent of
Borneo and New Guinea than observed.
For JJA, the eastern Pacific ITCZ and
the rainfall over the East Asian/western
subtropical Pacific regions are also underestimated by the models. In the models, the summertime storm tracks are
very weak or absent over the North
Atlantic and Pacific. In particular, the
northeast extension of the rainband associated with the East Asian monsoon or
the
Mei-Yu trough (Lau and Li 1984) is
FIG. 3. Normalized rainfall frequency distribution of the mean (bar charts) and
standard deviation (error bars) for the model ensemble, (a) and (c), and not present in the model ensemble. As
observations, (b) and (d), as a function of rain rate in intervals of 1 mm day . noted previously, large discrepancies are
Model ensemble mean and observational means and standard deviations are also found over the southern oceans for
derived from 29 models and four observational rainfall estimates (see text for both
seasons.
details). Land and ocean domains are computed separately.
The magnitude of standard deviations
of precipitation in the major rainfall feaP over land may imply an excessively vigorous glo- tures are anywhere from 20% to 50% of the mean for
bal hydrologic cycle. The excessive condensation both model and observations (Figs. 7a-d). During
heating of the atmosphere aloft, which is associated DJF, large model standard deviations (> 2 mm day )
with increased precipitation, however, will be coun- are found in a broad region between the equator and
tered by an increase in net radiative cooling and a 30°S across almost the entire Tropics. This is consisdecrease in sensible heat flux at the surface due to tent with the large variability in the location of the
increased soil moisture and more evaporation. Thus, model ITCZ noted in previous discussion. During JJA,
large E over land is accompanied by a cooler land the models show large differences in the rainfall maxiclimate, as evidenced in the apparent relationship be- mum over the Indian subcontinent/Bay of Bengal retween global mean land-surface temperature and pre- gion, and over Central America. For the observations,
clearly the best agreements are over continental recipitation (see Fig. 1).
gions with standard deviation less than 0.5 mm day ,
because all datasets used similar station-based data.
f . Global precipitation distribution
The ensemble mean and standard deviation of glo- For both seasons, the largest disagreement among obbal distribution of seasonal precipitation for the model servations is in the eastern Pacific ITCZ. For JJA,
and observations for winter (DJF) and summer (JJA) another area of major disagreements among observaare shown in Figs. 6a-d and Figs. 7a-d, respectively. tions is found over the eastern Pacific ITCZ, the Bay
The ensemble means for the models are for all 29 of Bengal, and the extratropical storm tracks. In genmodels. For observations, the mean fields shown are eral, the observed estimates (Figs. 7c and 7d) have
for the MSUG, and the standard deviations are com- better agreement in the Tropics than the models, but
puted from four datasets, that is, two versions of they have larger disagreement in the eastern Pacific
Legates and Willmott, Jaeger, and MSUG. The mean ITCZ and in the extratropical storm track regions. In
model precipitation shows that the major rainfall fea- these locations, the discrepancies among observations
tures—that is, the Asian summer monsoon, the ITCZ, are of the same order of magnitude or larger than those
the SPCZ, and the extratropical oceanic storm among models. At present, there is inadequate infor1
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FIG. 4. Zonal mean precipitation (mm day ) for 29 GCMs
FIG. 5. Zonal mean precipitation minus evaporation (P-E) over
(thin solid lines) and the average of all GCMs (thick solid lines)
land
(mm day ) for 29 GCMs (thin solid lines) and their mean
for (a) DJF and (b) JJA. Observations (dark circles) are based
on mean of four estimates, MSU, Jaeger, and two versions of (thick solid line) for (a) annual mean, (b) DJF, and (c) JJA.
Observations (dark circles) are based on the estimates by Liston
Legates/Willmott.
et al. (1993).
-1

-1

mation to determine whether the models or the observed rainfall estimates can better replicate reality in
these regions.
Rainfall distributions for individual models (not
shown, see Lau et al. 1995) indicate that the simulated precipitation in some spectral models show serious spectral truncation noise, which can be identified
even in the 10-year average, for example, DER and
CNR. Some gridpoint models show similar noisy precipitation fields, that is, LMD and CSU. For many
models, major rainfall deficiencies in the Tropics tend
to be pegged to the western side of mountains and heterogeneous topography such as the Maritime Continent and the Indian subcontinent and adjacent oceans
(see Fig. 7c and Lau et al. 1995). The presence of reasonably realistic oceanic rainfall features in most
models indicates that the model cumulus parameterization is responding realistically to the tropical
SST forcing to a first order. However, the low spatial resolution in some models may limit the definition of the eastern Pacific ITCZ. For the Asian
8ulletin of the American Meteorological Society

monsoon rainfall, the problem is more profound.
Many models do not produce the rainfall maximum
over western India and the Bay of Bengal. None of
the models are able to produce the East Asian MeiYu rainbelt during JJA. This well-known feature is
also absent in all climatologies, except those based
on the MSU. Past studies of the East Asian monsoon
(e.g., Lau and Li 1984) have indicated that the MeiYu rainbelt arises from an anchoring of the stationary wave pattern with respect to the Tibetan plateau,
providing favorable conditions for interaction between midlatitude baroclinic processes and tropical
convection. It appears that most models fail to capture the physics of this particular interaction.
g. Interannual variations
For interannual variability, we show results of the
intercomparison of two variables, that is, surface pressure and tropical rainfall variation. We have constructed the Southern Oscillation index (SOI) for the
AMIP period using anomaly monthly sea level pres2217
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FIG. 6. Global distribution of model ensemble mean precipitation for (a) DJF and (b) JJA; MSU precipitation for (c) DJF and (d)
JJA. Units are in mm day .
-1

sure difference (seasonal cycle removed) between
Tahiti and Darwin based on station data. The model
SOI is computed from area-averaged sea level pressure at grid points closest to the two locations: Tahiti
(150°-148°W, 18°-16°S) and Darwin (129°-131°E,
15°-13°S). Figure 8 shows the 5-month running mean
of the observed and model SOIs normalized by the
standard deviation. The major interannual fluctuations, including the 1982-83 and 1986-87 ENSOs are
well simulated by most models with the model ensemble mean variation following closely the observed.
The model SOIs show larger intermodel variability
compared to the natural variability of the SOI during
non-ENSO periods.
To assess the model's response to anomalous SST
forcing (Reynolds 1988), we have computed the pattern correlation of tropical (30°N-30°S) seasonal
rainfall anomaly for all the models against the MSU
oceanic rainfall observations for the AMIP period.
Figure 9 shows a sample of the anomaly correlation
patterns for the first 12 models (arranged alphabetically). This sample is representative of the diverse
behavior of the models. Most models show increased
rainfall prediction skill (correlation > 0.3) in the
2218

Tropics during the 1982-83 and the 1986-87 ENSO.
During the non-ENSO periods of 1979-81 and 198485, the skills are notably low for all models. In general, models from operational centers such as ECM,
JMA, MPI, and UKM show significantly better skills
than others, despite the fact that no assimilation was
used in the AMIP integrations. The nonoperational
models, for example, CNR, CSI, COL, GLA, UGA,
and DER do reasonably well, even though some of
them have exhibited spurious features in the global
rainfall distribution (see Lau et al. 1995). We conclude from the above results that a majority of the
models possess useful skills in rainfall prediction in
the Tropics during ENSO. A similar calculation (not
shown) indicates that no useful rainfall prediction
skills are found in the extratropics for all models.
As a further test of the sensitivity of the rainfall
response to ENSO conditions and to illustrate some
of the problems in tropical rainfall prediction using
models, we have compared the east-west migration
of the equatorial rainbelt for all models to observation. In Fig. 10, we show the equatorial time-longitude
section of rainfall variability for MSUG and of two
models selected from the first (MPI) and the fourth
Vol. 77, No. 7 0, October 7 9 9 6
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FIG. 7. Same as in Fig. 6 except for standard deviations for the model ensemble and for the four different observations.

(DNM) ranking quartile (see discussion on model
ranking in the next section) to illustrate the range of
the model responses. The MPI simulates the eastward
migration of the rainfall during the 1982-83 and the
1986-87 ENSOs remarkably well (Lau and Chan
1986). The double maxima in rainfall over the western Pacific (140°-160°E) and over the Indian Ocean
(80°-100°E) are also well simulated. The DNM, on
the other hand, illustrates a generic problem of the
phase locking of spurious rainfall to the topography
of the Maritime Continent. As discussed in section 2f,
this problem is present in a number of the AMIP models. The DNM is an example of AMIP models that are
least sensitive to the anomalous SST forcing during
ENSO.
h. Regional water balance
The quantity P-E can be used to infer the amount
of moisture recycling within continental-scale domains. This quantity has been estimated globally from
analysis of observed precipitation in a surface hydrology model based on SiB hydrology (Liston et al.
1993; Kim and Sud 1993; Mintz and Walker 1993).
The time history of ensemble P-E and standard de8ulletin of the American Meteorological Society

viations derived from observed precipitation forcing
for eight major continental and one oceanic region
(see Fig. 11) are shown in Fig. 12. In spite of the large
degree of variability among them, most models are
able to reproduce a consistent annual variation of PE over major continental regions in the extratropics
where there is a close balance between P and E. The

FIG. 8. Normalized SOI calculated with observed sea level
pressure at Tahiti and Darwin for a 10-yr period (1979-88),
plotted as solid dashed line. The time histories of the 29 model
SOIs are shown as thin lines. The thick solid line denotes the
model ensemble mean.
2219
Unauthenticated | Downloaded 01/09/23 01:38 AM UTC

to the Amazon region, where P-E is
positive nearly all year round. The
strong dynamical control is also reflected in the large standard deviation of
(P-E) among models during the rainy
seasons in these regions. In contrast, the
annual and long-term ensemble mean of
model P-E over northern Australia is
negative on the average over the entire
10 years (Fig. 12d). This suggests a
physically unrealistic long-term deficit
in the water budget over this region as
simulated by the ensemble mean of the
models. The reason for this is unclear
but may be related to the neglect of water storage in the deeper soil layers by
most models.
In the extratropical land regions (i.e.,
the Mississippi and Europe), the annual
mean P-E is close to zero, indicating
annual local moisture balance (Figs. 12e
and 12f). Over the European continent,
the annual variation is nearly sinusoidal,
so that the moisture sink and source are
almost completely compensated within
one annual cycle. The above regions are
characterized by a distinct annual cycle
in insolation and local energy balance
with small interannual variability. The
FIG. 9. Seasonal rainfall anomaly pattern correlation over the Tropics (30°S- distinct annual cycles are consistently
30°N) represented as bar graphs for the first 12 AMIP models in alphabetical order. depicted by almost all models as evident
Correlations higher than 95% significance level (> 0.3) are shaded dark.
in the small ensemble standard deviations. Other regions where local moisfollowing is a description of the characteristics of the ture recycling may be important are the Sahel and
water balance within each of the domains shown in Siberia (Figs. 12g and 12h). Here, with a few exceptions, the model monthly P-E estimates remain small
Fig. 11.
Both the model ensemble mean and the "observa- throughout the year, indicating a shorter recycling
tion" indicate that large tropical land masses such as timescale. The exceptions generally correspond to
the Amazon, East Asia, and South Asia (Figs. 1 la- models that have problems in other aspects of the wac) are atmospheric moisture sinks with mean annual ter balance (see discussion in section 2b). Over the
(P-E) > 0. During the rainy season, the simulated P- western Pacific warm pool, all models show a large
E is large and positive, implying a net transport of P-E excess, but there is little agreement among modmoisture into the above regions, which will lead to a els in the month-to-month variability, as indicated in
large runoff from land to ocean, after the land is satu- the large error bars in Fig. 12i. The replenishment of
rated by the excessive moisture. During the dry sea- moisture lost from the atmosphere in heavy rainfall
son, the land masses act as a moisture source, that is, in this region has to be transported from the subtropievaporation exceeds precipitation. However, the sup- cal Pacific Ocean and the Indian Ocean (Wu and Lau
ply is exceeded by the demand for moisture in the 1995). Apparently, the models disagree substantially
rainy season. Hence, these regions are controlled by on how these transport processes are accomplished.
strong remote forcing by atmospheric moisture trans- The lack of control by a strong annual cycle may also
port from adjacent oceans. This applies particularly contribute to the large model disparities.
2220
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FIG. 10. Time-longitude section of precipitation averaged over 10°S-10°N for (a) MSU data, (b) the MPI model, and (c) the
DNM model. See Table 1 for acronyms used.
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model results are then compared among themselves
and with observations. In the results shown, we have
used P-E as a substitute for the runoff since runoff
data are not available from the AMIP standard output. This amounts to neglecting water storage on land
and may affect our results. But for the purpose of illustration, the following results should still be meaningful. For the Amazon (Fig. 13a), the ensemble mean
appears to mimic the phase of the observed river discharge quite well. The range of model variability is
from 100 to 800 km month compared to 250 to
500 km month . With the exception of a few, most
FIG. 11. Selected land and oceanic regions for the computation models show a buildup in the discharge during late
of water balance P-E for Fig. 12.
winter to spring. However, the magnitude and the timing of peak discharge are very different among mod3

3

i. River runoff
In this subsection, we describe
an alternate procedure for intercomparison and evaluation of
continental-scale water balance in
GCMs using hydrographic data
from river runoff. The procedure
described is especially useful over
sparsely populated arid regions
where rainfall records are scarce
but river runoff data may have existed for a long time, for example,
the Amazon and the Nile. The runoff output in each grid box of the
GCMs is routed to the point of discharge using the river routing
model developed by Liston et al.
(1994), which provides the direction and the speed of river flow at
each grid box based on detailed and
realistic regional topography.
Some preliminary successes of the
application of the river-routing approach to continental-scale river
flow in climate models have been
reported in Miller et al. (1994).
As a benchmark test for the
AMIP models, the climatological
monthly water discharge at the
mouth is the Mississippi and Amazon River Basins for each model is
obtained by routing the runoff at
each grid point over the model
river basins via the river-routing
model of Liston et al. (1994). The
2222
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FIG. 12. Time series of area-averaged P-E for 29 GCMs (solid line) and observation
(dashed line) in mm day for selected regions shown in Fig. 11. The error bars show
the standard deviations of the model ensemble. The scale is the same for all areas:
(a) the Amazon, (b) East Asia, (c) South Asia, (d) North Australia, (e) the Mississippi,
(f) Europe, (g) the Sahel, (h) Siberia, and (i) tropical western Pacific. Observed land
evaporation is estimated by Liston et al. (1993).
-1
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els. Many models show zero or very low discharge
during the boreal autumn, while the observation indicates a background value of 200 km month" . This
may in part be due to inadequate parameterization of
underground water storage in the land-surface models in most AMIP GCMs.
For the Mississippi Basin (Fig. 13b), most models
simulate the phase of the seasonal cycle reasonably
well but exhibit large variability in the magnitude of
the river discharge. Here the ensemble mean is almost
identical to the observed. However, we believe this
agreement is entirely fortuitous. More noteworthy is
the large range (= 10 to 200 km month ) compared
to the observed (= 20 to 70 km month" ). Unless these
large model differences are resolved, use of climate
models for basin-scale hydrology is still questionable.
The two river basins were chosen for the intercomparison because of the relative large scale and the diverse land-surface and meteorological conditions over
these two regions, and because major international
field experiments (e.g., GCIP and LBA) are being
planned over these areas several years from now. They
should provide an indication of the range of possibilities for model performance over scales of large river
basins. Our results suggest that river runoff modeling as
a tool for evaluating surface hydrologic cycle is potentially very valuable as the models develop more sophisticated land-surface parameterizations.
3

3

3

1

1

1

3 . Model r a n k i n g

In this section, we present an assessment of the
model ranking based on performance criteria developed from the benchmark intercomparisons discussed
in section 2. The ranking of the model is to further
identify strengths and weaknesses of the AMIP models relative to each other so as to promote interaction
among the modeling groups. Each model is ranked
according to performance criteria developed for 12
benchmark tests, illustrated in the previous sections.
The criteria used include root-mean-square deviations, global water balance, time series correlation,
and pattern correlation (see Table 3). A quartile ranking is given to each model according to each performance criterion. The overall ranking of each model
is then obtained by averaging the sum of the 12 ranks
to yield an average rank between 1 and 4 for each
model. An average rank of 1 represents the highest
and 4 the lowest possible score. Because of the ad hoc
nature and possible interdependence among the tests,
8ulletin of the American Meteorological Society

FIG. 13. Annual cycle of river discharge at the (a) Amazon and
(b) Mississippi Basins based on a river-routing model based on
(P-E) output from 29 AMIP GCMs (thin solid lines) and their
mean (thick solid line). Dark circles show the observation. Units
are km month .
3

-1

models within the same quartile ranks are likely to
be indistinguishable in their performance and are arranged in alphabetical order. However, interquartile
differences may reflect significant differences among
models in their ability to simulate the global hydrologic cycle. Table 3 shows the ranking of the models. Perhaps it is not surprising that many of the
operational models, or their close derivatives—for
example, MPI, JMA, UKM, and ECM—are among
the best performers, even though no data assimilation
has been included. Nonoperational models such as the
GLA, UGA, GIS, COL, DER, GFD, and others are
in the upper quartiles in model performance. While
the reasons for the above mentioned rankings may not
be obvious, they may reflect some real payoff from
continuous improvements driven by operational requirements and/or dedicated national or institutional
commitment to model development efforts. Again, we
stress that the rankings are at best relevant to the specific model performance criteria and should not be
taken too literally. The interested readers should examine Table 2 in conjunction with the model perfor2223
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TABLE 3. AMIP model ranking based on 12 benchmark tests for various aspects the global hydrologic cycle. Models are ranked
from a scale of 1 to 4 with 1 denoting the top quartile and 4 the bottom quartile. Models within each quartile are arranged in alphabetical
order.

GCMs

A

B

CI

C2

D1

D2

El

E2

F1

F2

G1

ECM

2

3

1

1

1

3

2

2

1

1

2

GIS

2

1

2

3

2

2

2

2

2

2

2

o GLA

1

2

4

2

1

2

3

3

2

2

1

| JMA
<Z3
MPI

1

3

1

1

2

1

1

1

1

1

3

1

2

1

3

1

2

UGA

*

3

1

1

1

1

UKM

3

1

3

CCC

4

1

3

4

2

2

1

CNR

1

3

3

2

3

4

2

u COL
|cr CSI

3
1

4

2
4

GFD

3

NCEP

2

•o

2

1

4

1
2

2

2
3

2

3

2

1

2

3

3

1.67
2.00

1
2

2.00
1.50

1

2

1.42

2

2

2.00

1

1

1

2

1.83

1

2

1

4

1

2.25

1

2

1

2

3

2.25

1

2
2

1

1

2

2

1

2

2

2

1

1

4

1

1

1

1

4

4

2

1

1

G2 Average

3

2

1

3
3

1

2

2

2

3
4

3
1

2

3
4

2.33
2.25

3

2.25

2

2.17

to within 10%-20%. The model ensemble indicates
mance in other parameters from other AMIP suba cold-wet/warm-dry tendency arising from the
projects to make their own judgment regarding
different treatment of interactive land-surface prothe overall performance of specific models. We have
cesses in the models.
also attempted to find possible relationships between
the model rankings to model physical parameteriza- • A majority (about three-quarters) of the models
tion and resolution but have not found any concluconserve atmospheric water reasonably well. Most
sive results.
models consistently indicate the role of ocean
(land) as moisture source (sink) and the Southern
(Northern) Hemisphere as moisture source (sink)
on the long-term mean. The seasonal reversal of the
4. Summary
Northern (Southern) Hemisphere as a moisture
source (sink) is also well simulated.
We have presented results of an intercomparison
study of the global hydrologic cycle in 29 AMIP glo- • While the overall model rain-rate frequency distributions resemble the observed, almost all models
bal climate models. The main results are summarized
underestimate the frequency of occurrence of light
as follows.
rain (monthly mean < 1 mm day ), especially over
land. This may be related to the crude treatment of
• The models generally portray an earthlike climate
shallow clouds and nonconvective moist processes
with respect to the observed global land-surface temin AMIP GCMs.
perature (= 14.8°C) and precipitation (2.3 mm day )
-1

-1
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TABLE 3.

Continued.

GCMs

A

B

CI

C2

D1

D2

El

E2

Fl

F2

Gl

G2 Average

BMR

3

4

4

3

1

4

2

2

3

3

3

2

2.83

GSF

3

2

2

3

4

4

1

1

3

3

1

3

2.58

JJ LMD
'E
cr3 MGO
*o
CO

2

3

3

4

4

1

3

3

2

2

2

1

2.50

4

2

2

2

4

4

1

2

4

4

4

1

2.83

NCA

4

1

3

3

1

2

4

4

3

3

3

3

2.83

SNG

4

3

1

2

3

1

4

4

2

4

4

1

2.75

UIU

2

4

2

4

2

3

1

2

3

3

1

4

2.58

CSU

4

1

4

2

4

4

4

4

4

4

3

2

3.33

DNM

3

3

1

1

4

3

4

4

4

4

3

4

3.17

IAP

4

4

4

4

3

1

3

4

4

4

4

3

3.50

'5C3 MRI
cr
-G NRL

2

1

3

4

2

3

3

3

4

4

4

4

3.08

1

4

4

3

4

4

4

3

2

4

4

4

3.42

SUN

3

4

4

4

4

3

4

3

4

3

1

4

3.42

UCL

4

2

3

4

4

4

4

4

4

2

4

3

3.50

YON

2

4

2

4

3

3

3

3

4

3

4

4

3.25

A: P-Ts phase diagram (* = no T data).
B: <P-E>/<P> (percentage budget residual).
C1: Rainfall frequency distribution over land.
C2: Rainfall frequency distribution over ocean.
D1: Zonal mean P-E over land, DJF.
D2: Zonal mean P-E over land, JJA.

El: Global rainfall distribution, DJF.
E2: Global rainfall distribution, JJA.
Fl: Tropical seasonal anomaly rainfall pattern correlation.
F2: Time-longitude section of equatorial rainfall.
Gl: River discharge, Mississippi.
G2: River discharge, Amazon.

• The main features of the global rainfall distribution over the Asian monsoon region, including the Inare reproduced by most models. The most common
dian subcontinent and Bay of Bengal region. Genproblems are the presence of spectral rain or spuerally, models do not simulate well the northward
rious gridpoint-scale heavy rain. The artificial anmigration of the convective zone. No models are
choring of rainfall to topographic features in the
able to reproduce the East Asian monsoon rainbelt
Maritime Continent also appears to be a generic
over the subtropical western Pacific.
problem in a number of the AMIP models.
• On the interannual timescale, all models show a
• Models as well as observations differ greatly in the reasonable simulation of the SOI and the eastward
migration of the major equatorial precipitation zone
magnitude of the convective rainfall amount over
during ENSO. Most models portray enhanced rainthe eastern Pacific ITCZ. The position of the eastfall prediction skill in the Tropics associated with
ern Pacific ITCZ is quite resolution dependent. The
ENSO-related SST forcing. However, the models
model rainfall distributions have severe problems
8ulletin of the American Meteorological Society
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do not show any useful skill for rainfall prediction
in the extratropics.
• The models' depiction of the hydrologic cycle
tends to be more realistic with the least intermodel
variability where there is a strong annual cycle and
where long-term local moisture balance is maintained; that is, (P-E) ~ 0 over large interior land
regions in the extratropics. In regions of strong
dynamic control—that is, (P-E)» 0—such as the
tropical western Pacific, monsoon regions, and the
ITCZ, the model differences are very large.
• The GCM runoffs are consistent with the climatological observed runoffs for the Amazon and
Mississippi Basins. However, the intermodel variability is very large. Moreover, the models yield
rather divergent results over other world river basins. The results suggest that while some GCMs are
better than others in simulating the land hydrology
cycles, it is premature to use them for climate studies related to continental-scale water balance.
While the present results may be considered representative of the current capability of GCMs participating in AMIP in simulating regional and global
hydrologic processes, they should not be generalized
to other performance criteria nor to the overall performance for the larger population of all models.
Moreover, the strengths and weaknesses identified in
the models should not be regarded as a permanent
label for the individual models, since almost all
the models are undergoing continuous improvement.
The present assessments can only be viewed as a snapshot of an evolving community effort to make GCMs
a better tool for climate studies. The present intercomparison has identified some problem areas in simulating hydrologic processes by GCMs. The more difficult
tasks of relating the model physics or resolution in
each GCM to its performance and coming up with
ways of improvement still lie ahead. AMIP has provided a most important first step in this direction.
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