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ABSTRACT

The interannual variability and Reproducibility of rainfall over the Indian subcon-
tinent, the Sahel and the Nordeste region of Brazil have been evaluated from the suite
of AMIP zimulations. Rainfall variations over the Nordeste region are the most readily
captured owing to the intimate link with Pacific and Atlantic S8Ts. The precipitation
variations over the Indian subcontinent and the Sahel are relatively less well captured.
by the models respectively. Additionally, an Indian monsoon wind shear index was cal-
culated for each model. The models are generally more adept at simulating the variabil-
ity of the wind shear index than that associated with the rainfall over this region,
indicating that the models exhibit greater fidelity at capturing the large-scale dynamical
fluctuations. For each region improved skill scores and enhanced Reproducibility result
for those models that qualitatively simulate the observed rainfall/SST correlation pat-
tern which is dominated by an ENSO teleconneetion in the Pacific Ocean. Accordingly for
this subset of the models, the enhancement in skill and Reproducibility occurred mainly
during years of strong El Nific and La Nifia conditions. A suite of six ECMWF AMIP runs

. |differing only in their initial conditions) have also been examined. The Indian monsoon
rainfall exhibits a consistent response during 1987 and 1988, while during other vears
differences are simply not very predictable, possibly because of internal chaotic dynamics
that are agsociated with intraseasonal monsocon fluctuations and/or land surface Process
interactions. In this case the Reproducibility is poor indicating that the average intra-

. model spread is greater than the temporal variability of the ensemble mean. For the Sa-

hel and the Nordeste the Reproducibility increases to 2.4 and 9.0 respectively indicating

a robust response to the boundary conditions for this model. Five SUNY/NCAR Genesis

low resolution initial condition realizations were also examined. In this model the Nor-
deste rainfall also exhibited the largest Reproducibility, however for all regions the Re-
producibility was smaller than that for the ECMWTF model.

The relationship of the all-India and Sahel rainfal/SST teleconnections with hori-
zontal resolution, convective elosure and numerics has been evaluated. Models with res-
olution 2T42 performed more poorly than lower resolution models. The higher resolution
models were predominantly spectral. At low resolution, spectral vs. gridpoint numerics
with nearly equal verisimilitude. At low resolution, moisture convergence clo-

was slightly preferable other closure techniques. At high resolution, the models that
ilized a moisture convergence criteria performed very poorly suggesting that moisture
vergence may be inappropriate for models with horizontal resolution 2T42.




. INTRODUCTION

[t is likely that ensemble techniques will play an essential role in the production of
seasonal forecasts from coupled ocean-atmosphere models, As in medium-range predic-
tion {e.g., Molteni et al. 1995), the dispersion of the ensemble is an estimate of the pre-
dictability of the atmospheric cireulation and associated weather elements. The
Atmospheric Model Intercomparison Project (AMIP, Gates 1992) provides a unigue op-
portunity to study the potential predictability of interannual fluctuations of the atmo-
sphere based on ensembles of multi-annual integrations of atmospheric general
circulation models (AGCMs). In this project, many of the world's AGCMs have been in-
tegrated over the ten year period 1979-1988 with identical specified sea surface temper-
atures (S5Ts). In addition, multiple realizations of the ten-year period have been
obtained by running some of the AGCMs from different initial conditions (but with the
same 38Ts). Each model has a unique set of physical parameterizations; together this en-
semble is comprised of integrations made from perturbations to both model formulation
and initial conditions.

Estimates of potential predictability (henceforth referred to as Reproducibility) of
atmospheric interannual fluctuations can be deduced from the resulting ensemble dis-
persion. The qualifier “potential” is used sinee the AMIP experimental procedure implic-
itly assumes that SST is perfectly predictable. The extent to which this is true can only
be demonstrated using coupled ocean-atmosphere models, though for some of the major
El Nifio events oceurring during the AMIP decade, the assumption that tropical SSTs are
predictable on seasonal time scales is Jjustifiable (Palmer and Anderson 1994).

Ifthe AMIP ensemble dispersion is small compared to the interannual fluctuations
in the ensemble-mean fields, then the SST field can be said to have a reproducible effect
on the overlying atmospherie circulations (independent of model formulation or atmo-
 spheric initial conditions). Conversely, if ensemble dispersion is large compared with in-
terannual fluctuations in-the underlying SST field, then it is possible that the inherent
chaotic variability associated with the nonlinear atmospheric dynamies has over-
whelmed the impact of variations in the atmosphere’s underlying boundary conditions.

It is possible to use the AMIP ensemble to study any component of atmospheric po-
tential predictability in this way. However, in this paper we will focus on the seasonal
predictability of rainfall and circulation in three regions (of practical interest) in the trop-
ics: the Indian subcontinent, the African Sahel and the Brazilian Nordeste. The mon-
#00ns have proven to be a critical phenomenon in assessing a GCM’s ability to simulate
tropical climate and variability as demonstrated in the studies organized under the aus-
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pices of the Tropical Ocean Global Atmosphere Monsoon Numerical Experimentation
Groun (TOGA MONEG, WMO 1992, 1993), in particular conditions associated with El
Nifio and La Nifia conditions that tend to be associated with drought and flood conditions
over the Indian subcontinent (Ropelewski and Halpert 1987, 1989).

In studying simulated data, it is necessary to be aware of the impact that model er-
ror can have on the conclusions obtained from the analysis of this data. In the case of the
GCMs studied here, the resulting estimates of climate bias obtained from the ten-year
integrations are certainly model dependent. As a result there is a component of ensemble
dispersion that is not directly related to intrinsic atmospheric chaotic variability, but
rather is associated with model dependent systematic error, In order to isolate model re-
lated dispersion from intrinsic atmospheric chaotic variability, a basic “quality control”
has been performed on the full ensemble, retaining on those models for which the climate
bias is suitably small (based on an objective criteria deseribed in Section 4¢). The esti-
mate of ensemble dispersion from this quality controlled sub-ensemble gives a more re-
liable estimate of internal atmospheric variability. However, even within the sub-
ensemble of quality controlled integrations, the model systematic errors are not negligi-
ble. To assess the potential problems that may arise, the estimates of potential Repro-
ducibility are compared with skill measures obtained by correlating observed and &
simulated values of seasonal rainfall and circulation indices. '

2. THE MODELS E

In this paper we present an analysis of simulations associated with the Atmospheric .
Model Intercomparison Project (AMIP), a coordinated effort to simulate the 1979-588 de-
cade using standardized boundary conditions with approximately 30 atmospheric gener-
al circulation models (Gates 1992). This analysis is based on a monsoon diagnostic
proposal to AMIP originating from MONEG. Using monthly mean data from these sim-
ulations indices of tropical precipitation have been calculated in an effort to access the
performance of the models over the course of the AMIP decade. Phillips (1994} presents
a summary documentation of the AMIP models.

Two additional models were incorporated in this study. LMD and SUNY/NCAR sub-
mitted additional AMIP integrations with revised models. Relative to their initial AMIF
contributions, LMD6 employs a new land surface parameterization called SECHIBA
(Ducoudré et al. 1993), and the SUNY/NCAR Genesis 2 (SNG2) model uses a new cloud
scheme, and it was run at a lower horizontal resolution to perform five initial condition
realizations that will be compared with the multiple ECMWF realizations. Unless other
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wise noted, a single realization from the ECWMF realizations and the SNG2 realiza tions

was chosen randomly for the discussions related to the climatologies, case studies, and
interannual indicez discussed below.

3. STANDARDIZATION, SKILL SCORES AND REPRODUCIBILITY

a. Standardization

In order to account for the different amplitudes of interannual variability among the
models, as well as their individual biases in simulating the time-mean field, we have
standardized the area-weighted regional indices presented in this paper. For each index,

{, simulated and observed, we calculate the time mean of the area-weighted index for
years i=1,2,...10 of the AMIP decade:

[
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and its standard deviation with respect to the time mean:
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Then the standardized indices are calculated as follows:
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The observed and simulated standardized indices are also used for estimation of the Bri-
er skill score and Reproducibility.

b. The Brier Score

The Brier score has been used as a measure for assessing NWP performance (Mur-
phy and Katz 1985, Perrone and MIller 1985). In this application it measures the skill of
the ensemble of models to simulate the correct sign of an anomaly with respect to obser-
vations, irrespective of the magnitude of the simulated departure. (Note: we do however
require that the observed standardized departure for a given vear i exceed +- 0.25 to be
included in the caleulation of the Brier score, in which case the number of years n, from
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which the average Brier score is calculated may be less than 10). The average Brier score
is calculated as follows:

Bs

—2[(10 vp%+ (00-Np* (42)
yl—-l '

which reduces to

=—22N2 S
yl—l

where: ‘ ' ' 3+
Y, = fraction of models simulating an anomaly of the correct sign during year I
N, = fraction of models simulating an anomaly of the incorrect sign during year i,

and N; = (1-Y)

Brier scores may range from 0.0 (a perfect score) to 2.0 (total disagreement with obser- j
vations). For climatology (Y; = 0.5, N, =0.5) the Brier score equals 0.5.

c¢. Reproducibility ;

While the Brier score is a model-data verification tool, the Reproducibility, which is §
essentially a signal to noise ratio, is a model-model intercomparison.The realizations in- ;
tercompared.may consist of different models, or multiple realizations of the same model ]
that differ only in the specification of initial conditions. The Reproducibility is a Iheasure*f
of the models’ ability to consistently respond to the imposed boundary forcing. Using the»i
standardized indices of each model as calculated from Eq. 3, we calculate the ensembl

mean time series over years i = 1, 2,...10 as follows:

) = Z Yig o (5)



where m = the number of models considered. Next, we calculate the variance of the en-
semble mean time series:

2 I 32
ﬁf.ﬂf a ‘;Z o) : (6)

which iz a measure of the interannual variability of the signal extracted from the suite
of simulations under consideration, Note: by definition the time mean of {¥,} is zero since
the standardized indices from Eq. 3 were employed in Eq. 5. cfﬂx is the numerator of the
Reprodueibility.

The denominator of the Reproducibility is the average of the variance estimates
from each year ¢ for the m prognostications, and it is a measure of the unpredictability of
the signal (y}. It is calculated as follows:

10 m
2 ai - i 1 3
Croise = 10 Z [m Z S {J";:-'} ¥
i=10 o= |
The Reproducibility R is:
G:
Ba Isig 5
2
Hoise

In the case when denominator equals zero, each realization is an exact replica of the oth-
er and the Reproducibility is oo, Thus, when

R> I, the signal is distinguishable from the noise
R < I, the unpredietable internal variability dominates
4. INDIAN SUMMER MONSOON

a.  I379-88 Climatologies

The 10-year June-July-August-September (JJAS) averaged climatologies of precip-
itation and 850hPa flow provide a reference against which the interannual variations of
monsoon behavior can be evaluated. From this perspective we may relate biases in the
tlimatologies to errors in the simulation of extreme events such as those associated with



the 1987 and 1988 El Nifio and La Nifia drought and flood regimes. For the purpose of
validation, the precipitation climatology was obtained from a 47 latitude x 5° longitude
merged data set that utilized MS3U precipitation estimatea over the ocean {Spencer 1993)
and station raingauge data over land (Schemm et al. 1992: over Antarctica the Legates
and Wilmott [1990] data were used) which spanned the AMIF decade. The JJAS station
rainfall data was not available for the full 10 years at zome land points, primarily in the
vicinity of China, and several grid points north and east of the Bay of Bengal, and data
was considered to be missing if less than & years were available from which to construct
the time mean field. ECMWF analyses (1980-89) are used to validate the 850hPa flow.
These climatologies are shown in Figs. la and 1f respectively. The maxima in precipita-
tion along the west coast of India and that over southwest Asia are associated with the
Somali jet and the trough in the Bay of Bengal respectively..A precipitation minimum
oceurs over the southeastern portion of the subcontinent associated with the rainshadow
effect of the western Ghats. Other regional-scale relationships, that are generally ig-
nored when evaluating monsoons simulation, are evident in the precipitation and low-
level flow. Principally, northerlies and northwesterlies dominate the low-level flow along
the western and southern edge of the Tibetan Plateau (Fig. 1f). Over northwestern India
this flow is particularly important since it is associated with advection of dry air from the
desert which serves to moderate the availability of precipitable water (Fig. 1a). Similarly,
westerlies from the eastern Saudi peninsula influence the precipitation distribution as
can be seen by the southwest to northeast orientation of 2mm day! contour over the Ara-
bian Sea (Fig. 1a).

The precipitation and low-level flow climatologies for several of the model simula-
tions are also presented in Fig. 1. The CCC model Somali jet, Fig. 1g, is well simulated,
although it tends to be somewhat strong over the Arabian Sea. However, the accompa-
nying precipitation distribution, Fig. 1b, reveals that precipitation over the subcontinent
iz underestimated as the model tends to simulate the ocean-mode of the monsocon. The
rainfall underestimate over the subcontinent 2 associated with a Somali jet that is influ-
enced by dry-air advection from the Saudi peninsula, which dilutes the moisture supply
through the addition of dry air. Analogously, in the ECMWF model, dry-air advection
from the north, and a weak Somali jet north of 12°N, serve to limit the moisture supply
through the addition of hot-dry air and reduced gvaporation respectively. Asa result, the
2mm day! rainfall contour is digplaced eastward relative to the observations. GLA 18 run
at coarser horizontal resolution, and hence the regional features are smoother. Over
northern India the model is drier than observed as a consequence of overly strong west
erlies from the Thar desert. As with the CCC model, the SNG2 model preferentially rains
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near the equator, and exhibits a dry bias over the subcontinent which is associated with
strong westerlies from continental Africa and the Saudi peninsula. These biases are
characteristic of many of the simulations. Additionally, there is some tendency for a weak
Somali jet to be associated with an underestimation of rainfall over the subcontinent.
CSU, DERF, UCLA, and UIUC tend to locate the Somali jet just north of the equator and
consequently the majority of rainfall occurs over the Indian Ocean to the south of the sub-
continent. It is of interest that the CSU and UIUC models share a eommon lineage with
the UCLA model, particularly with regard to boundary layer formulation and numerics.
The systematic error in these models does not appear to be resclution related, as the GLA
model, which also has a horizontal resolution of 4° latitude x 5° longitude is able to cap-
ture the climatological and interannual rainfall and low-level flow features of the sum-
mer monsoon with fidelity (Figs. 1d and i, Figs. 3d and 1).

Examination of five additional AMIP integrations with the ECWMF maodel, run
with different initial conditions, exhibit the same biases as seen in Figs. 1¢ and 1h, indi-
cating that these are robust systematic errors of this model formulation, and hence that
a single 10-year simulation is adequate to characterize this model’s ability to represent
seasonal mean climatological characteristics over this region. Similar results were also
found for the SNG2 realizations.

Examination of the 10-year JJAS averaged precipitation and low-level flow clima-
tologies from the ensemble of AMIP integrations suggest that while it is necessary to sim-
ulate the large-scale flow in order to obtain a good monsocon precipitation distribution,
other regional scale phenomena such as dry-air advection from the northwest and the
Saudi peninsula, and the behavior of the trough in the Bay of Bengal play important
roles as mechanisms in moderating monsoon precipitation on seasonal time scales. Ex-
amination of these various regional attributes in the 10-year climatologies may aid in de-
lineating those models that may have more success at properly simulating the observed
interannual variations.

b. Monsoon extremes

1987 and 1988 were El Nifio and La Nifia years respectively. During the monsocon
season the 1988 the tropical Pacific Ocean SSTs were colder than those in 1987 by up-
wards of 2°C, with maximum differences reaching 4.5°C (Fig. 2a). These S5Ts were as-
sociated with a substantial modulation of the tropical flow and anomalous precipitation
over many regions of the globe. The JJAS merged MSU/rainguage data set, given in Fig.
da, indicates a large-scale enhancement of precipitation over the summer monsoon re-
gion in 1988 relative to 1987. The GEOS Precipitation Index (GPI, Janowiak and Arkin
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1991} satellite rainfall estimates also exhibit a similar pattern of rainfall enhancement,
but over the ocean but it extends further to the southwest of India and the magnitude of
the anomalies differ. This is consistent with the Spencer (1993) MSU/GFI intercompari-
con in which the pattern of large-scale El NifiwlLa Nifa differences are consistent with
the caveat that substantial magnitude differences exist locally.

Examination of the low-level flow anomalies at 850hPa from ECMWF analyses (Fig.
3f) indicate that there were several features that contributed to the enhanced precipita-
tion over the Indian subcontinent, the Arabian Sea and the tropical Indian Ocean
(Fig.3a). The enhancement of the Somali jet, in conjunction with the presence of low-level
equatorial easterlies are associated with convergence and enhanced precipitation over
the southern portion of the subcontinent and over the ocean. That the analyzed wind dif-

ferences are dynamically consistent with the satellite derived precipitation anomalies
over this region is comforting since the two data sets are completely independent. Addi- "

tionally, southeasterly anomalies over the Bay of Bengal strongly suggest that interan-
nual changes in the behavior of the monsoon trough, and suppression of dry-air advection
from the north affected the distribution of precipitation over the northern subcontinent.

Table 1 indicates the ability of the models to simulate the enhancement of JJAS
rainfall over the Indian subcontinent (area-weighted land only, based on each models
land/sea mask) in 1988 relative to 1987, and the afore-mentioned low-level flow anoma-
lies. In general, the models exhibited subsets of these features. Most models simulated
an enhanced Somali jet to some degree, but clearly such an increase in the low-level flow
did not guarantee enhanced precipitation over the subcontinent (or the ocean). To vary-
ing extents, southeasterly anomalies over the Bay of Bengal and the continent were also
simulated. Those models that have been successful in simulating the enhanced precipi-
tation over the subcontinent exhibit difficulty in simulating the spatial characteristics of
the signal with fidelity.

1988-1987 JJAS differences of precipitation and 850hPa winds for the models whose
climatologies we discussed in Fig. 1 are presented in Fig. 3. For CCC, Figs. 3b and 3g,
decreased rainfall over the subcontinent is associated with weakened westerly flow aver
the subeontinent and antieyclonic anomalies in the Arabian Sea. For the ECMWF simu-
lation, Fig. 3¢ and 3h, the enhanced precipitation over the Indian subcontinent arises as
a consequence of southeasterly anomalies over the Bay of Bengal that extends over the
Indian subcontinent. These anomalies are indicative of monsoon trough displacements
and suppressed dry-air advection, the latter of which tended to be too strong in the cli-
matology. In the GLA simulation a decrease in the strength of the westerlies from the
Thar desert region is associated with enhanced precipitation over northern India, while
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Table 1: The ability of the available AMIP models to qualitatively simulate

850hPa flow anomalies during JJAS 1988 relative to 1987 is indicated. (&

shgerved characteristics; (-} indicates that the simulated anomalies are in o

of & symbol indicates that a model failed to simulate a given feature. Tho
the all-India rainfall index’SST lag 0 anti-correlation are shaded.

the enhanced precipitation and
) indicates some ability to simulate the
pposition to those observed, and lack
se models that qualitatively simulated
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that to the south is associated with an enhanced Somali jet. GLA simulates a tendency
for equatorial Indian Ocean easterlies which forms a region of anomalous convergence
and enhanced rainfall in the western Indian Ocean that is qualitatively conzsistent with
abservations (particularly the GPI anomalies (not shown)). The SNG2E4 simulation re-
sults in drier conditions over India in 1988 relative to 1987. This condition tends to be
associated with a suppressed Somali jet. The enhanced rainfall to the south of the sub-
continent near the equator is associated with northerly low-level anomalies that are con-
vergent with respect to the climatology in that region. By far the dominant signal in this
model oceurs in the vicinity of East Asia, with strongly divergent anomalies in the vicin-
ity of Burma and convergent anomalies over China.

In an effort to ascertain the robustness of a model’s response to the prescribed sea-
surface temperatures, the 1988-1987 anomalies from the five additional ECMWF and
four additional SNG2 AMIP initial condition sensitivity simulations have been exam-
ined. As indicated in Fig. 4 for the ECMWF simulations, the spatial patterns of the pre- :
cipitation anomalies are gualitatively similar in the vicinity of the Indian subcontinent,
wetter during the summer of 1988 than 1987 in association with southwesterly anoma-
lies at 850hPa in the Bay of Bengal and suppressed dry-air advection to the north (not
shown for all the realizations but all similar to that presented in Fig. 3h). For this model,
this result suggests that wet or dry tendencies over the Indian subcontinent are predict-
able, but not the absolute magnitudes and spatial distribution of the anomalies. Brank-
oviec et al. (1994) also found substantial intraensemble spread associated with the
summer monsoon rainfall in a three member set of seasonal length integrations using ob-
served initial conditions for JJA 1987 and 1988 using a similar version of the ECMWF
model, On the otherhand, the SNG2 initial condition realizations are less robust at re-
producing the observed rainfall enhancement over the subcontinent, as seen in Fig. 5. In
fact, over large regions, neither the sign or the spatial distribution of the anomalies ex-
hibited any coherence among these realizations.This suggests that as in numericl
weather prediction (NWP}, multiple realizations are required to assess the robustness
a signal in a given model. A similar conclusion was found in earlier MONEG studies
(WMO 1992, 1993) in which 1987 and 1988 seasonal length simulations were initialized
by observed conditions from successive days.

The simplest hypothesis one can make regarding the robustness of the rainfall re
sponse in the ECMWF model versus the SNG2 model is that the ability to represent s
tendencies is related to the fidelity with which a model represents the climatolog
rainfall distribution. This is supported by the work of Shukla and Fennessy (1994) wi
the Center for Ocean-Land-Atmosphere Studies (COLA) GCM. As noted in Section
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and seen in Figs. 1c and le, the ECMWF model better represents the spatial distribution
of rainfall (although it tends to be too dry) in the vicinity of the subcontinent than the

SNG2 model. A more quantitative an alysis of the importance of simulating a good clima-
tology will be presented in Section 4d.

¢. Variations during the period 1979-88

The June-July-August-September (JJAS) averaged (land only) area-weighted all-
India rainfall indices and the verification data {heavy black line, Parthasarathy et al.
1992) for the AMIP decade are presented in Fig. 6a. For each model the raj nfall index has
been normalized by removing the mean and dividing by the standard deviation in order
to account for intermodel biases in the mean and variance as discussed in Section 3a.
Overall, the totality of indices exhibit little or no coherence ampng the simulations in rep-
resenting the observed interannual variations of Indian monsoon rainfall, even during
1987 and 1988 when the large SST anomalies associated with El Nifio and La Nifia Fig.
2a) provided a substantial perturbation te the tropical flow.

Alternatively, we can consider the monsoon from a dynamical point of view through
the evaluation of a wind shear index, akin to that described by Webster and Yang (1992),
and calculate the 850-200hPa difference of the zonal wind, averaged over the region
40°E-100"E, 0-25°N. The dynamical variability of the monsoon flow exhibits more coher-
ence (Fig. 7a) than the rainfall index. From 1983 onwards the behavior of the NMC and
ECMWF analyzed wind shear indices are comparable (not shown). Acknowledging the
shorteomings of dealing with NWP analyses due to changing models and initialization/
assimilation procedures, we see that the dynamical index is a much less stringent means
of verifying interannual monsoon fluctuations. The ensemble of models show marked
agreement with the analyses in their behavior during 1986-88, with increased shear
(stronger Somali jet and enhanced upper level easterly flow) in 1988 relative to 1987 con-
sistent with Webster and Yang (1992). The suite of AMIP simulations also exhibit coher-
ent behavior during the early 1980's. Ju and Slingo (1995) used a similar dynamical
eriteria in an analysis of the UK. Universities (Jlobal Atmospheric Modelling Pro-
gramme (UGAMP) AMIP simulation. While the UGAMP model exhibited substantial
skill at simulating the dynamical/lENSO relationship described above, this. broad-scale
measure of monsoon circulation and the all-India rainfall index were not well correlated,
which is consistent with the observational study of J oseph et al. (1994), and the lack of
correspondence between the rainfall and dynamical indices presented in Figs. 6a and Ta.

A question of interest is: How can we objectively classify the performance of the
models in an effort to ascertain if some underlying order is present in their ability to rep-
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resent the interannual variations? While the afore-mentioned case study (Section 4blis
useful for diagnosing individual events, the ability of the models to simulate the statis-
tics of the variability during the AMIFP decade through teleconnection analysis is of in-
terest. Given that all of the simulations have used the same SST data set (although
transformed to the horizontal grid specific to a given model) we can correlate a models
rainfall index with the SST as a measure of a model’s ability to correctly respond to the
imposed surface forcing. Contemporaneous correlations of the observed all-India rainfall
and the wind shear indices with the AMIP SS5Ts are presented in Figs. 6b and 7b. These
are the verification data against which we may compare the simulated teleconnection
patterns. Given the few degrees of freedom, eight (does not account for a possible reduc-
tion in the number of degrees of freedom due to serial correlation), we have chosen to pre-
serve the spatial information of the correlations, even where it falls below the 95%
confidence level ( | vl <0.63). Both observed indices exhibit a pronounced ENSO telecon-
nection relationship with the SSTs. Enhanced (decreased) precipitation and wind shear
oceurs when the SST in the central and eastern tropical Pacific Ocean is below (above)
normal. Bounding this region is a u-shaped envelope of positive correlation that extends
from the western tropical Pacific into the extratropics of each hemisphere. A major point
of importance is that these teleconnection patterns are not peculiar to the 1979-88 de-
cade. Rather, the Indian rainfal/ENSO teleconnection is a robust feature of the ocean-
atmosphere system that is found when longer periods of record are analyzed (Bhalme et
al. 1983, Rasmusson and Carpenter 1983, Barnett 1984, Parthasarathy and Pant 1984,
and as such is a fundamental statistic that models should endeavor to represent.

The models that have qualitatively represented the observed rainfal/ENSO S5T
teleconnection pattern in Fig. 6b are shown in Fig. 6c. This reduced set exhibits some un-

derlying order in the models ability to simulate extremes of monsoon variability, espe :

cially during the last portion of the decade in conjunction with the El Nifio and La Nifia
conditions of 1987 and 1988. In Table 1, these models are indicated in the last column
with a “+” sign, and the model row has been shaded. Every model that simulated this
teleconnection also simulated the 1988 rainfall increase relative to 1987. In no instance
did a model fail to simulate the rainfall increase when it produced the proper teleconnec
tion pattern. However, four models produced a relative rainfall increase although they
were unable to simulate the proper teleconnection pattern. In the case of CNEM, NMC
and SUNYA, the 1987 rainfall was already 0.5 standard deviations or more above nor
mal, and the 1988 increase was only about 0.1 standard deviations relative to 1987,
a substantial change. In the case of UIUC, the proper teleconnection pattern in the
tral and eastern Pacific was interrupted by a region of opposing correlation. The m
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did however correctly simulate a region of positive correlation extending from the west- -
ern Pacific into the northern extratropics. The work of Ju and Slingo (1995) suggests that
convection in this region modulates the monsoon on interannual time scales based on
their diagnosis of the Indian monsoon in the UGAMP simulation. Thus, sole emphasis on
the Indian monsoon rainfall link to the central and eastern tropical Pacific SSTs should
not be made.

The robustness of the ECMWF model at simulating the observed interannual rain-
fall variability is shown in Fig. 6e. All of the realizations captured the relative increase
in 1988 with respect to 1987, however as noted previously in Fig. 4 intraensemble spread
is readily apparent. The rainfall/SST teleconnection patterns of the members of the en-
semble have also been evaluated. Five of six ECMWEF initial condition realizations pro-
duced an ENSO teleconnection pattern in the Pacific Ocean, (Fig. 8). One realization,
(EC9201), failed to properly capture the anti-correlation in the eastern tropical Pacific,
and it had a more diffuse pattern in the central Pacific. It did however capture the posi-
 tive correlation extending from the western Pacific into the northern extratropics, as did
the UIUC model discussed above, and it did capture the enhanced rainfall in 1988 rela-
- tive to 1987 (Figs. 4 and 6e). : |
+ Some models actually produced a teleconnection relationship inverse to that ob-

served, as indicated by the “=” sign in the last column of Table 1. That is, these latter

s models responded incorrectly to the SST forcing, having a positive correlation between
&

ST RO A0

;;i the all-India precipitation and SST in the tropical central and eastern Pacific, and a neg-
? htlve correlation with the surrounding tropical/extratropical SSTs. For éxample, this is
i, “the case for three of five SNG2 initial condition realizations (Fig. 9; SNG2E2, SNG2E4,
$NG2ES5), and as such the ensembles fail to robustly capture the observed rainfall anom-
8 (Figs. 5 and 6f). These findings suggest that this model is of limited use in the study
rannual Indian monsoon studies. Liang et al. (1996) indicate that the SNG2 con- .

e a shortcoming in the physics is such that the internal variability becomes the
ant influence. For a given model it is not clear if shortcomings in model physics or
8 internal variability are at the heart of the problem unless an in depth diagnosis
med, such as that carried out by Rowell et al. (1995) with the UKMO model. The
a robust response by the SNG2 realizations also indicates that simulation of a
teleconnection pattern by a single realization may not be indicative of the ro-
#8.0f a given model to simulate observed interannual variability, and as suggested

| .
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earlier based on the 1987/88 case study, multiple realizations are required to ascertain
robustness.

Although 1982 and 1983 were also dry and wet years as indicated by the observed
all-India rainfall index (Fig. 6a), analogous to 1987 and 1988, the coherency exhibited by
the reduced set (Fig. 6¢) in the rainfall anomaly tendency from 1987 to 1988 is not found
during 1982 and 1983. This is likely to be related to several factors including the magni-
tude of the boundary forcing. The clear ENSO pattern seen in the 1988 - 1987 anomalies
(Fig. 2a) is absent in the 1983 - 1982 anomalies (Fig. 2b). In the 1983 - 1982 SST differ-
ence the cold anomalies in the tropical Pacific Ocean failed to extend to the South Amer-
ican coast and they never exceeded 2°C, while the 1988 - 1987 cold anomalies exceeded
2°C and reached a maximum of nearly 4.5°C near 120°W. Additionally, in the 1983 - 1982
anomalies, eastern Pacific warming in excess of 2°C occurred near the west coast of
South America. Either the models lack the necessary sensitivity for the Indian monsoon
precipitation to respond to the weaker and less coherent 1983 and 1982 S5T differences,
or other less well understood controlling factors, such as Tibetan snowcover (Hahn and
Shukla 1976, Dickson 1984, Barnett et al. 1989), soil moisture (Meehl 1994a) or extrat-
ropical influences (Meehl 1994b) may play a significant role in modulating the interan-
nual variations of the Indian monsoon. Alse, it is possible that the rainfall differences are
not very predictable because of internal chaotic dynamics associated with intraseasonal |
monsoon fluctuations (Palmer 1994).

Using the average Brier scores (Eq. 4) in Table 2, we can quantitatively assess the
usefulness of employing the teleconnection stratification as a method of quality control
for the all-India rainfall and wind shear indices, and for examining the performance of
the two sets of initial condition experiments. As discussed in Section 3b, the Brier score
is a method of assessing the ability of a suite of models to simulate cbserved anomalies.
Perfect agreement with observations would yield a Brier score of 0.0, while a score of (.3
would be expected from climatology. For the rainfall indices of the different models, the
reduced set that passed the rainfal/'SST teleconnection eriterion (Fig. 6c) is in best agree-
ment with observations in that they exhibit the smallest Brier score. The models that
were unable to simulate the rainfal/SST teleconnection (Fig. 6d) produced a Brier score
equivalent to that expected from climatology. The ECMWTF realization (Fig. Ge) per
formed better than the reduced set while the SNG2 model, which exhibited greater sen-
sitivity to the initial conditions than the ECMWTF model has a less satisfactory Brier
score.

The Brier scores for the wind shear indices were calculated for those models thal
were (Fig. 6c), and were not able (Fig. 6d), to simulate the rainfall/SST teleconnection in
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Table 2: Average Brier scores for the departures of all-India rainfall (JJAS), monsoon wind shear (JJAS),
Nordeste rainfall (MAM), and Sahel rainfall (JAS) for all AMIP models, those models that qualitatively
simulated the lag 0 rainfall index/SST teleconnection, those that failed to simulate the lag O rainfall index/
55T teleconnection, and the ECMWF and the SUNYAMNCAR Genesis 2 initial condition sensitivity inte-
grations. Brier scores may range from 0.0 {perfect agreement with observations) to 2.0 (total disagreement
with observations). A Brier score of 0.5 would be expected from climatology. The number of models ana-
lyzed in each category 15 given in paréntheses. Only years in which the departure of the observed index
exceeded +/- 0.25 standard deviations were included in the analysis. The years that did not meet this cri-
terion are given in brackets under the index heading.

India Monsoon Sahel Nordeste

Rainfall Windshear Rainfall Rainfall

[1984] [1982] | [1985, 1986] | [1981, 1987]
Al 3582 | .22 53(32) | .15(32)
sk s S AN 0
Disagree 50(15) | 8018} | .74(16) 65 (6)
ECMWF .26 (6) 60 6) | A45(6) | 01(6) |
SNG2 52 (5) 64 (5 | 38(5)

Fig. 6b (thus the same models were used for the all-India rainfall and the wind shear
“Agree” and “Disagree” categories in Table 2). The lower Brier scores for the wind shear
relative to the rainfall confirms our original supposition that the dynamical signature of
the monsoon exhibits greater predictability than the rainfall. The scores also indicate
that the models that best represent the Indian monsoon precipitation variations also
tend to better represent the monsoon wind shear index. That this is not always the case
i8 evidenced by the ECMWF realizations which have a wind shear Brier score that indi-
cates the model performs worse than climatology in this respect. As for the rainfall, the
- wind shear from SNG2 realizations exhibit greater scatter, and hence Brier scores near
climatology, than those pi‘.udu::acl by the ECMWTF realizations.

The ability of the models to simulate the same temporal sequence of events is given
in Tahle 3, the Reproducibility. As discussed in Section 3¢, the Reproducibility is a model-
model intereomparison, and is a measure of the temporal coherence of a suite of simula-
 tions. In the hypothetical case when a suite of simulations have the same exact temporal
sequence of events, the Reproducibility would be infinite. For the Indian monsoon rain-
fall, the Reproducibility is in all cases less than 1, which indicates difficulty in discerning
the signal from the noise. That the Reproducibility increases for the reduced set of mod-
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Table 3: Reproducibility of the normalized all-India rainfall (JJAS), monsoon wind shear (JJAS), Nordeste
rainfall ( MADN), and Sahel rainfall (JAS) for all AMIP maodels, for those models that qualitatively simulat.
ed the ag 0 rainfall index/S8T teleconnection, those models that did not simulate the lag O rainfall index/
85T teleconnection, and the ECMWF and SUNYANCAR Genesis 2 initial condition sensitivity integra-

Lo,

India Monsoon Sahel Nordeste
Rainfall Windshear Rainfall Rainfall
All 19 89 16 .68
Agree 49 : |
Disagree 44
ECMWF Bl
SNG2 21

els that were able to simulate the rainfall/SST teleconnection pattern again demon-
strates the usefulness of using the teleconnectivity as a quality control procedure. For the
monsoon wind shear, the Reprodueibility is greater than the rainfall in all categories in-
dicating that the models give a more robust dynamical response to the imposed S3Ts,
Consistent with Figs. 4-9, the ECMWF model exhibits greater Reproducibility than the
SNG2 model. However, caution in using this score alone is warranted as indicated for the
case of the monsoon wind shear for the ECMWF model. While its Reproducibility is well
in excess of 1, its Brier score indicates poor agreement with observations.This indicates
the model is robust at reproducing a poor wind shear index. However with regard to the
Indian monsoon rainfall, the ECMWF model exhibits the largest Reproducibility and the
best Brier score. Hence, consideration of the Reproducibility in conjunction with the Bri-
er score is important.

d. Climatological Rainfall versus Interannual Variability

In Section 4b we hypothesized that a good rainfall climatology and proper simula-
tion of interannual variability are associated. This was based upon the better represen-
tation of the JJAS rainfall climatology in the vicinity of India, and the more coherent
1988 - 1987 response in the ECMWF simulations relative to the SNG2 realizations. To
further investigate this hypothesis, we have area-weight interpolated all of the mode
JJAS rainfall climatologies to the same horizontal grid as the observed MSU/rain gauge
verification data (4° latitude x 5° longitude). The observed data and the average clims
tology of the complete suite of AMIP simulations are given in Figs. 10a and b. We ha
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then performed pattern correlations for the two regions in Fig. 10a as a method of quan-
tifying the ability of the “average” model to simulate the observed spatial distribution of
rainfall. The “average” model exhibits a pattern correlation of approximately 0.6 for the
regions selected. The “average” model fails to properly represent the rainfall maxima as-
sociated with the western Ghats, it is too far south, and tends to simulate too much rain-
fall over the equatorial Indian Ocean. Additionally, there is a dry bias over northwest
India. Figure 10c shows the average rainfall climatology of those models that passed the
observed rainfall/'SST teleconnection criterion (Fig. 6e), and that from those models that
were unable to simulate the observed teleconnection (Fig. 6d} is presented in Fig. 104,
The models that passed the observed rainfal/SST teleconnection eriterion have substan-
tially larger pattern correlations with res pect to the observations than those models that
didn't pass this quality control criterion. For the smaller regitn, the pattern correlation
improvement is even more demonstrative (0.68 versus 0.47) indicating that the quality
controlled subset exhibits the greatest fidelity at representing the regional scale rainfall
distribution, principally in representing the rainfall maxima along the west coast of In-
dia. This subset also has less of a dry bias over northwestern India, while the latter sub-
set preferentially rains over the equatorial Indian Ocean at the expense of the
subcontinent, and has a much poorer pattern correlation with respect to the “average”

model in Fig. 10b.These conclusions are also borne out if another rainfall climatology is
employed (e.g. Jaeger 1983),

3. SAHEL RAINFALL

a.  [979-88 Climatologies 4

The Sahel is located at the northern flank of the tropical African boreal summer
rainfall belt. Over this region, the peak rainy season oceurs during J uly-August-Septem-
ber (JAS) as the Inter-Tropical Convergence Zone (ITCZ) attains its most northern posi-
tion, near 15°N (in the vicinity of Sudan and points east it is located further south, near
L0°N) due to the seasonally enhanced surface solar heating over the deserts of northern
Africa. Hastenrath (1988) and Lamb and Peppler (1991) review the literature regarding
the governing influences and variability of Sahel precipitation.

Since the Sahel and vieinity were in a prolonged drought phase during the AMIP
decade we have chosen to show the JAS 1979-1988 MSU/raingauge data (Fig. 11a; JAS
raingauge data was not available for the full 10 years at some grid points and data was
considered to be missing if less than 7 years were available from which to construet the
time mean field) rather than observed data based on a long term climatology. During the
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AMIP decade the rainfall amounts over this region are in fact reduced relative to the Jae-
ger (1983) and the Legates and Willmott (1990) data sets. This low frequency modulation
appears to be related to interhemispheric changes in SST in the Atlantic Ocean (Folland
et al. 1986). The ability of GCMs to simulate the ghserved interdecadal variations of Sa-
hel rainfall is being studied in multi-decadal simulations foreed with the Global [ee and
Qea-Surface Temperature { GISST) data set assembled by the UKMO Hadley Centre. The
low-level flow, based on ECMWTF analyses (Fig. 11}, into the rainbelt is from the south-
west (Critchfield 1983), and the dominant moeisture source tends to originate from south
of the equator (Hastenrath 1988). The cross-equatorial southwesterly flow is the domi-
nant influence in the vieinity of the Gulf of Guinea, while over eastern Africa, moisture
from the Indian Ocean may exert substantial influence (Palmer 1986). The rainfall max-
imum over western Africa may be influenced by moisture frdm the northern tropics ag
hinted by the westerly flow over west Africa near 9"N.

Figure 11 also shows the JAS climatological rainfall and 850hPa flow from some of
the AMIP simulations. Unlike that observed, DNM has excessively strong southwester-
lies, >4m 'L, that bring moisture from the northern tropics deep into the interior of Al
rica. The convergence zone is incorrectly located near 25°N, and the rainfall extends deep
into what should be the Sahara Desert. On the other hand, all six of the ECMWF real-
izations, of which two are shown (Figs. 10¢-d), exhibit characteristics that are similar to
the observed and analyzed data. They capture three main centers of rainfall (seen in the
ohservations if more contours are used) although the rainfall is underestimated over
much of the region. The 850hPa cross-equatorial flow (Figs. 11h-i) is readily apparenl,
but the weak onshore westerlies near 9°N noticed in the ECMWF analyses are absent.
The UKMO simulation exhibits a smoother rainfall distribution {Fig. 11e)}, but the over-
all magnitude is more consistent with ohservations than that produced by the ECMWE
model. The precipitation in these latter two models is also confined latitudinally relative
to the observations. The UKMO 850hPa flow (Fig. 11j) suggests that the moisture for at
least the western half of the Sahel has its origin in the northern tropics. This may how-
ever be misleading since the wind data are based on data from throughout the course of
the day and averaged over the month. To ascertain the importance of this “potential’
moisture flux would require data to analyze the diurnal cyele since the rainfall maxima
tends to occur around the time of maximum solar heating {Rowell 1995, personal com-
munication). Westerly flow through the Gulf of Guinea and southwesterlies to the south
are the dominant influences further east.

While most of the models produce a reasonable rainfall climatology in the vicinity
of the ITCZ over the African sector during boreal summer, the low-level flow stro

-18-



noticed (Fig. 12a). Similar dipole patterns have been observed on prior oecasions (Hooky
1870, Tanaka et al. 1975, Lamb 1978a and Motha et al. 1980). The 850hPa wind anom-
alies are dominated by westerlies in the vicinity of 109S-15°N (Fig. 12f). Over an exten-
sive region the magnitude of these anomalies are in excess of the climatological wind

dem with the rainfall displacement. For the mode] simulations, including those present-
edin Fig. 11, considerah)e uncertainty in the simulation of the westerly anomalies exists,
particularly over the eastern Atlantic and western Africa. In those simulations with
weak or poorly defined westerly anomalies there is a tendency for lack of a robust raj nfall
signal, particularly over the western Sahel. This implies that the low-level moisture flux
from the Atlantie and the Gulf of Guinea plays an important role in modulatin g the Sahel
rainfall variations in this case study. Using a version of the Goddarg Institute for Space
Studies (GISS) GCM, Druyan and Hastenrath (1991} found that reduced low-level mois-
ture inflow from the Guif of Guinea was associated with drier Sahel conditions. Druyan
and Koster ( 1989) also implicated enhanced local recycling through continental evapora-
tion to be associated with enhanced Sahel rainfall. Moisture from the Indian Ocean was
not implicated in the Sahel rainfal] variations in these latter two GCM studies or in the
Cadet and Nnoli (1987) analysis of First GARP (Global Atmospheric Research Program |
Global Experiment (FGGE) data_ The AMIP model results presented in Fig. 12 appear to
be consistent with this finding. The influence of the low-level flow from the Atlantic
Ocean is readily visible in the two ECMWF simulations shown in Figs. 12c-d. These are
the best and worst of the six ECMWF initial condition realizations for this Sahel case
study, and they Suggest a sensitivity to internal vari ability. Conversely, in numerical ex-
Periments using composite SST anomalies based on wet versus dry Sahel vears, Palmer
(1986) found that anomalies in rainfall “across the Atlantic and into the extreme western
Sahel are extremely reproducible.” However, examination of the composite SST anoma-
lies used by Palmer (1986) reveals the presence of g dipole pattern of SST that straddles
the usual location of the ITCZ in the Atlantic that is not present in the JAS 1988-1987
difference pattern | Fig. 13). The dipole in the Palmer (1986) study affected the strength
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of the Hadley circulation and the flux of moisture into the ITCZ. Such a dipole iz also seen
in the Folland et al. (1991} correlation of Sahel rainfall and SST for the period 1901-198§
{not shown). However, it iz absent from the interannual Sahel rainfall/SST correlation
for the AMIP decade (Fig. 14b). In the former case the southern tropical Atlantic corre-
lation is the same sign as that in the central and eastern tropical Pacific, while for the
AMIP decade the correlation (and the 1988 - 1987 SST anomalies) to the southwest of the
Gulf of Guinea are reversed relative to the tropical Pacific. Thus, the 35Ts are such that
thermally direct circulation anomalies in the Atlantic are not preferred which might oth-
erwise be conducive to northward displacement of the ITCZ in 1988 relative to 1987.
Rather, the remote forcing of tropical Pacific and Indian Ocean are left to exert their in- |
fluence on this region (through modification of the circulation) with less effect, and hence
allow a greater sensitivity to internally generated atmospherfc fluctuations.

c. Vartations during the period 1979-88

While it is acknowledged that there is some regionality to variations in Sahel rain-
fall (Nicholson and Entekhabi 1986), for the purpose of model intercomparison of inter-
annual rainfall variations we define a single land only Sahel rainfall index based on the
region 15°W-38°E, 12°N-18°N. As noted earlier, the Sahel was in the midst of a pro-
longed drought throughout the AMIP decade, so the observed rainfall index, based on the
station data of Sharon Nicholson through 1984, with subsequent updates (Hulme 1994/
provided by the Hadley Centre (Rowell and Ward 1991, personal communication}, has
been renormalized for the 1979-88 decade. The indices of all of the AMIP runs are given
in Fig. 14a, and as with the Indian monsoon rainfall index, consistency among the simu-
lations is lacking. As an ensemble, all of the models exhibit less skill than climatology in
representing the rainfall variations over the Sahel as indicated by their average Brer
score in Table 2, and the Reproducibility is less than that for all-India rainfall for the en-
semble of models as seen in Table 3. Rowell et al. (1995) demonstrate that modelling the
Sahel region is problematic.

Teleconnections of the Sahel rainfall variations to 85T in the Atlantic, Pacific
Indian Oceans has been discuszed in Lamb (1978b), Folland et al. (1986), Lough (198
Palmer (1986), Nicholson and Entekhabi (1986), Hastenrath {1988), Folland et al. (153
As alluded in the previous section, the Atlantic teleconnection exhibits a higher d
of non-stationarity than either that over the Pacific or Indian Ocean during the Al
decade, and it is not realized as coherently as in records of longer duration. In fact
of the models was able to simulate the tropical Atlantic teleconnection pattern in the
lantic Ocean similar to that in Fig. 14b. Hence, the model stratification teleconnect
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criterion is based upon the ability of a model to generate the ENSO correlations over the
Pacific, and the correlations in the vicinity of the western Indian Ocean. These models
have been retained in Fig. 14c, and their rainfall indices exhibit some common features,
particularly during the transition periods into and out of the 1982/83 and 1986/87 El
Nifios. As indicated in Table 2, this teleconnection stratification results in an improved
skill score relative to all models and to those that did not exhibit teleconnectivity similar
to observations (Fig. 14d), but their skill at simulating the Sahel rainfall variations was
inferior to their ability to simulate the fluctuations associated with the Indian mon-
soon. Tables 2 and 3 indicate that the ECMWF model (marginally) beats climatology in
representing the observed interannual variability in Sahel rainfall, and itz Reproducibil-
ity is high suggesting that this model is skillful at representing interannual Sahel rain-
fall variations, particularly those years associated with® extremes of the ENSO
phenomenon. Also, The data in Tables 1 and 2 also confirm what can be zeen in Figs. 14e
and f, that the ECMWF model is more robust in its simulation of Sahel rainfall variations
than is the SNG2 model. '

6. NORDESTE RAINFALL

a. 1979-88 Climatologies

Northeast Brazil lies under influence of each of the semi-permanent anticyclones in
the Atlantic Ocean. The seasonality of this interplay is such that the majority of Nordeste
rainfall oecurs during the austral autumn when the ITCZ makes its southernmost excur-
sion. Chu (1991) presents a synopsis of the general circulation and interannual variabil-
ity of Nordeste rainfall. The location of the rainfall maxima (Fig. 15a; the MAM
raingauge data was not available for the full 10 years at some grid points, particularly in
the vicinity of Africa, and at a few points to the north and south of the main rainbelt over
South America, and data was considered to be missing if less than 7 years were available
from which to eonstruct the time mean field) is closely linked to the axis of confluence as
seen in the low-level flow (Fig. 150), with the Nordeste located near the southern flank of
the ITCZ. Typically, the models produced rainfall maxima in the vicinity of the Nordeste
region, with the intensity of the onshore flow along the east coast of South America ex-
hibiting the most variability (Figs. 15g-j). Uncertainty is also associated with the orien-
tation and magnitude of the rainfall in the ITCZ (Fig. 15b-e). Some models simulated
rainfall rates <2 mm day ! over the eastern Atlantic Ocean (e.g. Fig. 153d). In such cases
the southeasterly trades were too weak in this vicinity (Fig. 15i). The ECWMF initial
eondition realizations rainfall climatologies exhibited slight differences in eastern Atlan-
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tic portion of the ITCZ (on the order of lmm day™!) and the South Atlantic Convergence
Zone {not shown), but were robust in the vicinity of Nordeste. Such is the case for the
SNG2 initial condition realizations (not shown), which situate the maximum rainfall di-
rectly over the Nordeste, too far south relative to the observations.

b.  Extreme Events

Since the Nordeste lies near the southern periphery of the ITCZ, displacements of a
couple of hundred kilometers in either direction tend to result in either drought or flood
over this region. Such ITCZ displacements are sensitive to the north/south gradient of
33T in the tropical Atlantic Ocean (Moura and Shukla 1981). Typically, the SST anom-
alies in the northern tropical Atlantic lag that in the central and eastern tropical Pacific
by approximately 3 months during the early portion of the calendar year, while at such
time the 35T anomalies in the southern tropical Atlantic are usually of the opposite sign.
During El Nifio (La Nifia) the gradient of SST in the tropics is such that a northward =
(southward) displacement of the ITCZ occurs with the result that the Nordeste experi-
ences drier (wetter) than normal conditions. Such conditions are associated with a
strengthened (weakened) Southern Hemisphere anticyelone in the Atlantic that typical
ly oceurs during El Nifio (La Nifia) (Hastenrath and Heller 1977, Markham and McLain
1977, Covey and Hastenrath 1978).

During the AMIP decade, such a north/south SST gradient in the Atlantic, which is
on the order of 1.5°C to 2°C, is evident in the difference map of 1984 - 1983 SST (Fig. 16),
which also clearly portrays the ENSO signature in the Pacific. This occurs in conjunction
with the largest change of Nordeste rainfall during the AMIP decade, with drought i
1983 and flood in 1984, The enhancement of rainfall over the Nordeste region and the
deficit to the north in 1984 relative to 1983, as seen in Fig. 17a, is based on the merged
MSU/rainguage data. Such dipole patterns of rainfall anomalies have been reported pre-
viously (Hastenrath and Heller 1977, Hastenrath et al. 1984, Hastenrath 1988) and are
consistent with a displacement of the ITCZ as proposed by Moura and Shukla (1951,
a study of the water vapor flux during extreme years, Rao and Marques (1984) find the
dominant moisture source to be from the South Atlantic Ocean, but the large-scale il
(more northerly during wet years) is conzistent with the placement of the ITCZ, andi
determining whether the flux is convergent or divergent over the Nordeste.

The low-level flow anomalies, Fig. 17f, based on ECMWF analyses, indicate
nounced onshore northerly flow in the vicinity of Guyana and offshore westerly flow
the south near the Nordeste. Aceituno (1988) found such a relationship in his study
Nordeste precipitation and ENSO using the Comprehensive Ocean Atmosphere Data
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(COADS, Woodruff et al. 1987), and Bruce et al. (1985) noted the presence of enhanced
offshore flow near Guyana in March 1983 during the Nordeste drought phase. Similar
anomalies were found by Moura and Shukla (1981) in an atmospheric GCM simulation
in an early study to diagnose the mechanisms controlling Nordeste rainfall variability in
which it was proposed that thermally direct circulation anomalies give rise to the ITCZ
displacements which dominate the modulation of Nordeste rainfall. Mechoso et al. (1990)
confirmed this scenario in a case study of the 1984, and later, Hameed et al. (1993) found
such anomalous circulation and rainfall patterns in a study of Southern Oscillation tele-
connections in the tropical Atlantic seetor in a coupled ocean-atmosphere model simula-
tion.

Only 3 of 32 models were unable to simulate enhanced rainfall in 1984 relative to
1983, but this arose because these anomalies were displaced tho far south. Also, the Nor-
deste region is quite small with respect to the grid box size of the models, and is here take
o encompass gridpoints whose nodes fall in the domain 35°W-42.5°W, 49S-10°S (This is
a slightly larger domain than actually encompassed by the Nerdeste to ensure that data
from the coarse resolution models would not be based upon one gridpoint). The rainfall
and low-level flow anomalies from some of the models are also shown in Fig. 17. The re-
sponse to the SST foreing tends to be consistent with the observations, although the mag-
nitude and spatial distribution of the anomalies exhibit variability from model to model,
though generally they are more consistent than the intermodel variability for the Indian
and Sahel monsoon regions.

BMRC, DNM and MGO failed to simulate the enhanced Nordeste precipitation in
1984 relative to 1983. For DNM and MGO the low-level flow anomalies suggest that the
water vapor flux over Nordeste is actually divergent since northwesterly anomalies are
present to the northwest and to the southeast of Nordeste. In the ECMWF analyses, Fig
17f, southerly anomalies to the south of Nordeste intersect the northwesterly flow from
the north indicative of anomalous convergence and enhanced rainfall over Nordeste, and
In agreement with the observations of Rao and Marques (1984). In the case of BMRC, the
anomalous convergence is displaced just to the south of the Nordeste. Examination of the
low-level flow anomalies from the six ECWMEF realizations (not shown) also indicate that
the anomalous flow from the south of 10°S to be the least reproducible aspect of the sim-
ulations over this region in this case study. Not surprisingly, the SNG2 simulations ex-

hibited greater uncertainty in the simulation of anomalies over the Nordeste relative to
the ECMWT runs.
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c.  Variations during the period 1979-88

The wvariability of March-April-May Nordeste rainfall during the AMIP decade
(March-April for the observations: Hastenrath 1892, personal communication) is given
in Figure 18a. While there is still substantial spread among the models, there is an indi-
cation of more coherent behavior, particularl v during 1982-88, This is consistent with the
lower all-model Nordeste Brier score in Table 2 and their largei- Reproducibility in Table
3 when compared with the Indian and Sahel monsoon rainfall time series. The observed
Nordeste rainfall index exhibits a pronounced ENSO teleconnection relationship with
the SSTs as noticed in Fig. 18b. Enhanced (decreased) precipitation occurs when the 38T
in the central and eastern tropical Pacific Ocean is below (above) normal, and it is also
significantly related to a dipole SST pattern in the tropical Atlantic Ocean. Such telecon-
nection relationships abound in the literature (Hastenrath arid Heller 1977, Moura and |
Shukla 1981, Ropelewski and Halpert 1987, Aceituno 1988, Ward et al. 1988, and Sper-
ber and Hameed 1993), hence the patterns presented here are not peculiar to the 1979-
58 decade. Through combining the SST signals from the tropical Pacific, the northern
tropical Atlantic and the southern tropical Atlantic, Sperber and Hameed (1993} were
able to demonstrate that the Nordeste rainfall variations were phase locked with the SST
on quasi-biennial, ENSO, and decadal time scales, and this compozite SST signal ex-
plained approximately 80% of the Nordeste rainfall variability. As demonstrated by the
improved Brier score in row 2 of Table 2, and the greater coherence of the model indices
(Table 3) for this subset of the data (Fig. 18¢), skill im proves for the models whose rain-
fall’'SST teleconnection pattern is akin to that observed (Fig. 18b). The signal exceeds the
noise by approximately 45%, and the Brier score is <0.1 indicating substantial skill at
simulating the observed anomalies of Nordeste rainfall (even in non-ENSCO years). In the
case of the ECMWF model realizations (Fig. 18e), the Reproducibility is in excess of 9.0,
and the Brier score approaches zero: indicative of near perfect Reproducibility among the
realizations.Consistent with the results for the other study regions, the SNG2 realiza-
tions (Fig. 18f) exhibit greater sensitivity to internal variability than the ECMWF model
as reflected in the poorer Brier score and the lower Reproducibility. The models that werse
unable to simulate the observed rainfall/'SST teleconnection pattern (Fig. 18d) exhibited
a Brier score worse than climatology, and the noise exceeded the signal by ~4 to 1 as de-
noted by the Reproducibility.

The BMRC model is one of six that did not meet the teleconnection criterion having
failed to properly capture the ENSO SST teleconnection pattern over the Pacific Ocean
(Fig. 19b, compare with the ohservations in Fig. 18b), and it one of three models that did
not simulate the 1984 - 19583 rainfall difference. Interestingly, this model exhibits pro-
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nounced biennial variations in its Nordeste rainfall index (Fig 19a). Sperber and Hameed
(1993) analyzed 33 years of Nordeste rainfall and examined its relationship to SST in the
Pacific and Atlantic Oceans. Their analysis indicated that the north-south gradient of
35T in the Atlantic exhibited greater power on biennial time scales than on ENSO time
scales, whereas the Pacific SSTs were dominated by periods of ~3.3-6 vears associated
with ENSO. That the BMRC Nordeste rainfall is dominated by biennial times scales is
consistent with its simulation of the proper teleconnection in the Atlantic and its failure
to realize the longer period modulation of ENSO over the Pacific. This result suggests
that the phase-locking interactions found by Sperber and Hameed (1993) are operating
in the AMIP simulations. However, due to the length of the AMIP simulations, spectral
decomposition of these modes is not possible to evaluate this hypothesis in more detail,

Examination of this phenomenon should be possible with the™multi-decadal GISST sim-
ulationa.

7. RESOLUTION, CONVECTIVE CLOSURE AND NUMERICAL SENSITIVITY

While this study develops a method of delineating model performance on interannu-
al time scales, it has not addressed the causes of such differences. In an effort to do so,
albeit crudely, we investigate the relationship of the models to successfully simulate the
observed rainfall/SST teleconnections with respect to horizontal resolution, convective
closure, and numerics. Figure 20 shows the results for the all-India and Sahel rainfall,
a5 the models exhibited the greatest difficulty simulating rainfall over these regions.
Since the majority of models were able to simulate the Nordeste rainfall and monsoon
windshear indices, they have been excluded from such an analysis. In each panel, the
models are arranged from low to high horizontal resolution. Models inclusive of and to
the right of CNREM have resolutions 2T42, at which models begin to resolve tropical syn-
optic-scale activity, and are henceforth referred to as high resolution models. Models to
the left of CNRM will be denoted as low resolution models.

Ignoring the shading for the moment, we note that overall 53% (17/32) of models
were able to simulate the observed all-India rainfall/SST teleconnection (Table 1, Table
2 and Fig. 6c). The results with respect to resolution are more revealing, and indicate
that only 27% (3/11) high resolution models were successful in simulating the observed
teleconnection, while 67% (14/21) of the low resolution models were succeassful (Fig. 20a).
Thus, by an overwhelming majority the low resolution models exhibit superior perfor-
mance in the simulation of interannual rainfall variations over the Indian subcontinent.
This is not to say that low resolution models are necessarily preferable to high resolution
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models, as it is unlikely that they are able to resolve and simulate the proper sequence
of synoptic scale events that characterize the evolution of the monsoon. Sperber et al.
(1994) examined the synoptic scale evolution of the summer monsoon at T21, T42Z, T63
and T106 in an earlier version of the ECMWF model (cycle 33), and found that only the
T106 simulation was able to properly simulate the recurriﬁg milestones in the synoptic
evolution of the Indian {and East Asian) summer monsoon.

For the Sahel (Fig. 20b), the disparity in performance between the high resolution
models and the low resolution models is consistent with the tendency noted above for the
all-India rainfall, however it is not as striking. 45% (5/11) of the high resolution models
correctly simulated the observed Sahel rainfall/SST teleconnection, and 52% (11/21) of
the low resolution models were successful.

With regard to the convective closure, 60% {12/20) of thd models that used a buoy-
ancy closure (inclusive of other closure techniques that do not rely upon moisture conver-
gence) were successful at simulating the observed all-India rainfal/SST teleconnection
(Fig. 20a), while 42% (5/12) of the moisture convergence models were successful. This
suggests that moisture convergence may not be preferable (not taking resclution into ac-
count). Examining the convective closure as a function of resolution is instructive. At low
resolution, 63% (10/16) of the buoyancy closure models were successful, while 80% (4/5]
of the moisture convergence models were successful (suggesting a slight preference af
moisture convergence schemes at low resolution). At high resolution, 50% (2/4) of the
buoyancy closure models were successful, while only 14% (1/7) moisture convergenc
models were successful. This latter finding strongly suggests that moisture convergence
is not appropriate for resolutions 2T42. '

For Sahel rainfall (Fig. 20b), the convective closure statistics are consistent with
those of the all-India rainfall. At low resclution, moeisture convergence exhibits a slight
advantage relative to buoyancy closure with a 80% (3/5) success rate relative to 50%|
16) respectively. At high resolution busyancy closure has a 50% (2/4) success rate relatl
to 43% (3/7) for moisture convergence. While it may be questionable to conelude t
moisture convergence is not appropriate for resolutions >T42 based on the results
two regions, Slingo et al. (1996), in their examination of a subset of these integrati
find that intraseasonal activity is best simulated when the convective parametrization
closed on buoyancy rather than moisture convergence, and these medels were also
monstrably better at simulating the observed relationship between precipitation
SST. Further evidence is found in a sensitivity study of convective parametrizations
ing the UGAMP GCM in which Slingo et al. (1994) found more realistic transient activ
with a convective scheme that did not employ moisture convergence. Additionally, N
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deng (1996) demonstrates improved transient activity in the tropics of the ECMWF mod-
el when the convective scheme employs buoyancy closure rather than moisture
convergence. As most high resolution models use moisture convergence, the conclusion
that high resolution is worse than low resolution is really only suggestive about the way
in which reselution and convection interact.

The influence of numeries, gridpoint versus spectral, is explored in Figs. 20c-d. This
may be important given the concern of how diabatic tendencies (which are computed in
gridpoint space) project onto the dynamics (which are computed in spectral space; Land-
er 1994). The majority of AMIP entries employ spectral numerics. On a percentage basis
however, gridpoint models were 62% (8/13) successful while spectral models were 47% (9/
19) successful at simulating the observed all-India rainfall/SST teleconnection (not ac-
counting for resolution). At low resolution the number of spebtral models and gridpoint
models is approximately equal (11 versus 10 respectively), and their success rates were
approximately equal {70% (7/10) and 64% (7/11) respectively). Similar tendencies also oc-
curred for the Sahel rainfal/SST teleconnection. Irrespective of resolution, the gridpoint
madels were slightly more successful than the spectral models (54% (7/13) and 47% (%
19) respeetively). At low resolution the spectral models held the edge in performanece with
a 60% (6/10) success rate versus a 45% (5/11) success rate for gridpoeint models.

At high resolution only two models employed gridpoint numerics, thus comments
reading their performance will not be made. For the spectral models, the level of perfor-
manee that oceurs at high resolution is very poor, with the spectral success rates for India
and the Sahel being only 22% (2/9) and 33% (3/9) respectively. We don't wish this to be
interpreted as evidence for scraping of the use of spectral numerics at high resolution
(where it has computational advantages over the gridpoint method until approximately
T250), but it suggests an interesting sensitivity study in which the spectral numerics
would be converted to gridpoint numerics while keeping the physics unchanged. It
should however be kept in mind that the majority of the high resolution spectral models
emploved a moisture convergence closure criterion in their convection scheme. Given the
findings of Slingo et al. (1994), Nordeng (1996) and Slingo et al. (1996) mentioned above,
our first priority would be to suggest more sensitivity studies of convective parametriza-
tion closure in high resolution models rather than the changing of numerics, which is a
much more involved conversion.
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8. DISCUSSION AND CONCLUSIONS

The climatologies and interannual variations of Indian and Sahel summer mon-
soon, Nordeste rainfall and low-level flow have been examined from 32 atmospheric gen-
eral circulation models that have been run as part of the Atmospheric Model Intercom
parison Project using a common set of boundary conditions for the period 1979-88. The
use of a regional rainfall index as a means of model verification has proven to be a strin-
gent test of a models ability to simulate interannual variations. Of these three regions,
the interannual variability of Nordeste rainfall is the most readily simulated, as indicat-
ed by the lowest average Brier score and the greatest Reproducibility, owing to the its
intimate link with subtropical Atlantic and Pacific 858Ts. That this link is robust, and as
such indicates predictability in non-ENSO years, is reflected'in the Brier scores for the
individual years given in Table 4. The Nordeste Brier scores are among the lowest values
found of the indices evaluated, and in no year does the Brier score approach that expected
from climatology (0.5). As such, Nordeste is the only region for which long-lead predic
tions are made using an atmospheric general circulation model (Graham 1993). Statisti-
cal/dynamical or purely statistical methods are otherwise used in practice (Hastenrath
1994),

The summer monsoon wind shear indices exhibit similarly low Brier scores, but not
for all years. It however, is better simulated in comparison to the all-India rainfall which
tends to have larger ( poorer) Brier scores. Additionally, those models that best reprosent
the observed all-India rainfall/SST teleconnection tend to better represent the wind
shear index. We find that the link between Indian monsoon rainfall and SST is strongest
under ENSO conditions, particularly when substantial anomalies in the tropical Pacific
Ocean persist during June-September, such as in 1987 and 1988, At other times littlear
no consensus among the simulations exists with regard to Indian monsoon rainfall, e
in the initial condition sensitivity simulations. In the case of the ECMWTF initial con
tion simulations, the 1988-1987 differences showed similar structure with the precipi
tion enhancement over the subcontinent being associated with reduced dry air advecti
from the northwest and southeasterly anomalies over the Bay of Bengal, the latter hei
suggestive of monsoon trough perturbations. While all were wetter over the subconti
in 1988 relative to 1987, five out of six of ECMWTF realizations produced wetter
tions relative to the 1979-1988 climatology. This indicates that this particular model
qualitatively represent relative impacts over this region but not absolute respo
the remote forcing.
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Table 4: Brier scores for individual years for the departures of all-India rainfall (JJAS), monsoon wind
shear (JJAS), Nordeste rainfall (MAM), and Sahel rainfall (JAS) for all AMIP models for those modals that
qualitatively simulated the lag 0 rainfall index/SST teleconnection. Brier scores may range from 0.0 [ pee-
fect agreement with observations) to 2.0 (total disagreement with observations). A Brier score of 0.5 would
be expected from climatology. The number of models analyzed in each eategory is given in parentheses.
Only years in which the departure of the observed index exceeded +/- 0.25 standard deviations were includ-
ed in the analysis. The years that did not meet this criterion are given in brackets under the index heading,
and are left blank in the table,

India Monsoaon Sahel | Nordeste
Year Rainfall Windshear Rainfall Rainfall

[1984] [1982] [1985, 1986] | [1981, 1987]
1979 56 56 BBRY ik 06
1980 08 0% 50 24
1981 06 .00 50 -
1982 b - 78 Tl
1983 1.36 OB esar v i JBGE B 7 OO
1984 - g 8 T
1965 | ERERRRS[ oS %
1986 B-Fr;?-; 56 - pUl
1987 ST T TRER | SN RN 1 e -

The Sahel variability has proven the most difficult to simulate, with half of the
years having Brier scores as poor, or poorer than expected from climatology. One point
of note from Table 4 is that the departures in the La Nifia year of 1988 are not as well
simulated as those during the El Nifio year of 1988. Of course we acknowledge the caveat
- that this is & very limited time period of data from which to draw conclusions regarding

the relative predictability during El Nifio versus La Nifia years.
Examination of the 10-year mean climatologies from the simulations indicates that
-~ regional scale characteristics of the low-level flow can have dramatic consequences on the
‘distribution of precipitation over the monsoon region. For instance, many models simu-
Jated a Bomali jet that compared well with observations. This is generally assumed to e
to a models ability to properly represent the precipitation along west coast of In-
While we have typically found this to be the case in these simulations, the nature of
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the low-level flow over Pakistan, Afghanistan and the Saudi peninsula also plays a cru-
cial role. When flow from these regions is excessive, dry hot air is advected into the mon-
soon region, and this precludes the moisture converge necessary to produce the copious
amounts of precipitation associated with the monsoon. This is but one example of the
many controlling influences that govern the monsoon which must be modelled adequate-
ly if GCMs are to be used as a tool for monsoon prediction. Furthermore, our results in-
dicate that interannual variability is better simulated in models that generate a
climatology that is in agreement with observations.

Examination of initial condition sensitivity simulations with two different models
indicates that the level of internally generated variability is model specific. As such, mul-
tiple realizations are required to assess the ability of a model to robustly respond to the
imposed S58Ts. Thus, one should not conclude that those modAls that were able to simu-
late the various rainfall/SST teleconnections in Figs. 6e, 14¢ and 18¢ would respond ro-
bustly in a series of initial condition experiments. It is possible that some of these models
passed this criterion by chance (as was the case for the SNG2 realizations for the all-In-
dia and Sahel rainfall), and that an even smaller subset are actually simulating the ob-
served interannual variability in a robust manner. The models that did not pass the
teleconnection criterion usually did so in extreme fashion, by yielding a pattern that was
the inverse of that expected. The ohserved teleconnections are a fundamental statistic
that models should endeavor to represent correctly. Even given this uncertainty of the
robustness of a single realization, the Brier score and Reproducibility improvements at-
test to the use of the teleconnection criterion as a useful means for stratifying model per-
formance, and for examining regional interannual variations.

During the Tropical Ocean Global Atmosphere (TOGA) Programme, emphasis was
on the ENSO phenomenon, and as such long-lead prediction studies were typically asso-
ciated with regions that are under its dominant influence. With the advent of the Climate
and Variability Predictability Program (CLIVAR), emphasis will also be placed on sea-
sonal to interannual predictability over a wider scope of regions. From the point of view
of modelling, we can examine regions that may deserve particular attention with regard
to rainfall prediction. To do so, we present in Fig. 21 the Reproducibility for the ECMWF
and SNG2 initial condition realizations for each season of the year. Not unexpectedly, the
most consistent region of high Reproducibility occurs in the tropies, particularly in the
Pacifie and Atlantic sectors. Only during summer and winter does the tropical Indian
Ocean exhibit coherent Reproducibility in excess of 1. The only regions in which the Re-
producibility consistently tends to extend into the subtropics is in the central Pacific and
over the maritime continent, and to a lesser degree in the vicinity of the South Pacific
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Convergence Zone. Extratropical Reproducibility is confined to northern winter, which is
also the time of year when NWP forecasts exhibit their greatest skill, particularly in the
Northern Hemisphere where the land/ses temperature contrast dominates the dynam-
ies. Also, this is the time when the Reproducibility is also most extensive in the tropics.
This is not to say that these are exclusively the regions for which we may expect to make
progress towards increased predictability since the only assumed controlling factor here
i the S8T. As we come to understand the complex interactions of the various facets of
the coupled climate system (atmosphere, hydrosphere, lithosphere, cryosphere) in more
depth commensurate gains in predictability should follow,
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Fig. 1. Observed and simulated June/J uly/August/September(JJAS) averaged precip
itation and 850hPa wind climatologies in the vicinity of the Asian summer monsoon
The observed rainfall climatology is based on the MSU/raingauge data set for the pe
riod 1979-88. The JJAS station rainfall data was not available for the full 10 years a
some land points, primarily in the vicinity of China, and several grid points north an
east of the Bay of Bengal, and data was considered to be missing if less than 6 yeari
were available from which to construct the time mean field (shaded black). Preclpltaa
tion contours are plotted at 2, 5, 10 and 20 mm day!l. The 850hPa flow is based
ECMWTF analyses for 1980-89. The isotachs are plotted at an interval of 5m s’}

|
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Fig. 2. June/July/August/September averaged sea
a) 1988 - 1987 and b) 1983 - 1982. Contours are drawn at 0.5,1.0, 1.5,..

itive (negative) contours solid (dashed). Positive anomalies are grey-shaded
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Fig. 3. Observed and simulated June/July/August/September averaged precipitati
and 850hPa wind anomalies for 1988 - 1987. The observed rainfall difference is fro
the MSU/raingauge data set, and missing data is shaded black. Precipitation co
tours are drawn at 1, 2, 4, 8, 12,... mm day "1 and the pos1t1ve anomalies are gre
shaded. The 850hPa wind anomahes are from ECMWF analyses. The isotachs
plotted with an interval of 2m s™1.
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Fig. 4. 1988-1987 June/J uly/August/September averaged precipitation anomalies
from the ECMWF initial condition realizations. The contours are drawn at 1, 2 4,8,

12,... mm day! and positive anomalies are grey-shaded.
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Fig. 5. As Fig. 4 but for the SUNY/NCAR Genesis 2 initial condition realizations.







Fig. 6. a) June/July/August/September averaged all-India rainfall indices from the
suite of AMIP simulations for the period 1979-88. The observations (heavy black solid
line) are taken from Parthasarathy et al. (1992), b) 1979-88 lag zero teleconnection of
the observed all-India rainfall index with SST. Positive (negative) correlations signif-
icant at the 95% confidence level are shaded white (black). ¢) rainfall indices of those
models that simulated a teleconnection pattern similar to that in (b), d) rainfall indi-
ces of those models that did not simulate a teleconnection pattern similar to that in
(b), e) rainfall indices of the ECMWTF initial condition realizations, ) rainfall indices
of the SUNY/NCAR Genesis 2 initial condition realizations. The indices are land only
(hased on each models land/sea mask to isolate India) and area-weighted. For each
model and the cbservations the index haz been normalized by removal of their respec-
tive mean and division by their standard deviation.
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Fig. 7. As Fig. 6 but for the 850-200hPa normalized zonal wind shear indices based on
the region 40-100°E, 0-25°N. Note: the reduced set of dynamical indices presented in
(¢) is for the same models shown in Fig. 6c.
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Fig. 8. 1979-88 lag zero teleconnections of the June/July/August/September a
all-India rainfall indices with SST from the ECMWF initial condition realizations.
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Fig. 9. As Fig. 8 but for the SUNY/NCAR Genesis 2 initial condition realizatio
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Fig. 10. Observed and simulated June/July/August/September{JJAS) averaged pre-
cipitation climatologies in the vicinity of the Asian summer monsoon. Precipitation
contours are plotted at 2, 4, 8, and 16 mm day’. a) The observed rainfall climatology
iz based on the MSU/raingauge data set for the period 1979-88. The JJAS station
rainfall data was not available for the full 10 years at some land points, primarily in
the vicinity of China, and several grid points north and east of the Bay of Bengal, and
data was considered to be missing if less than 6 years were available from which to
construct the time mean field (shaded black). b) average climatology of all AMIP mod-
els (all models have been regridded to 4° latitude x 5° longitude, the resolution of the
observed data). c) average climatology of those models (Fig. 6¢) that simulated a tele-
connection pattern similar to that in Fig. 6b. d) average climatology of those models
that did not simulate a teleconnection pattern similar to that in Fig. 6b. The pattern
correlations with respect to the observed data for the two regions shown in (a) are giv-
en in the top right of each model panel. The upper (lower) value is associated with the

larger (smaller) region.
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Fig. 11 Observed and simulated J uly/August/September (JAS) averaged precipitation
and 850hPa wind climatologies in the vicinity of Africa. The JAS station rainfall dats
was not available for the full 10 years at many land points over Africa (10°-25"E,
22°8-30°N, and the western Sahara Desert), and data was considered to be missing if
less than 7 years were available from which to construct the time mean field (shaded
black). Precipitation contours are plotted at 2,5, 10 and 20mm day!. The 850hPa flow
15 based on ECMWT analyses for 1980-89. Isotachs are plotted at with an interval of
2m g1,
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Fig. 12. Observed and simulated July/August/September averaged precipitation an
850hPa wind anomalies for 1988 - 1987, The observed rainfall difference is from th
MSU/raingauge data set, and missing data is shaded black. Precipitation contour
are drawn at 1, 2, 4, 8, 12,... mm day -1 and positive anomalies are shaded. Th

850hPa wind anomalies are from ECMWF analyses. Isotachs are plotted with an

terval of 1m s°1.
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Fig. 13. July/August/September averaged sea surface temperature anomalies
1988 - 1987. Contours intervals are drawn at 0.5‘, 1.0, 1.5,... °C with positive (nega-
tive) contours solid (dashed). Positive anomalies are grey-shaded.
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Fig. 14. a) July/August/September averaged Sahel rainfall indices from the suite of
AMIP simulations for the period 1979-88. The observations (heavy black solid line)
were provided by Rowell and Ward (1991, personal communication) and are based on
the station data of Sharon Nicholson through 1984, with subsequent updates provid-
ed by the Hadley Centre, b) 1979-88 lag zero teleconnection of the ohserved Sahel
rainfall index with SST, c) rainfall indices of those models that simulated a telecon-
nection pattern similar to that in (b), d} rainfall indices of those models that did not
simulate a teleconnection pattern similar to that in (b), e) rainfall indices of the EC-
MWTF initial condition realizations, f) rainfall indices of the SUNY/NCAR Genesis 2
initial eondition realizations. The indices are land only (15"W-38°E, 12-18"N, based
on each models land/sea mask) and area-weighted. For each model and the observa-
tions the index has been normalized by removal of their respective mean and division
by their standard deviation. In (b) positive (negative) correlations significant at 95%

confidence level are shaded white (black).
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Fig. 15. Observed and simulated March/April/May (MAM) averaged precipitation and
£50hPa wind climatologies in the vicinity of South America. The MAM station rainfall
data was not available for the full 10 years at some land points, and data was consid-
ered to be missing if less than 7 years were available from which to construct the time
mean field (shaded black). Precipitation contours are plotted at 2, 5, 10 and 20 mm
day’L. The 850hPa flow is based on ECMWTF analyses for 1980-89. Isotachs are plotted
with an interval of 2m &7






Fig. 16. March/AprilMay averaged sea surface temperature anomalies for 1984 - :
1883. Contours intervals are drawn at 0.5, 1.0, 1.5.... °C with positive (negative) con-
tours solid (dashed). Positive anomalies are grey-shaded.
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Fig. 17. Observed and simulated March/April/May averaged precipitation and
850hPa wind anomalies for 1984 - 1983. The observed rainfall difference is from the :
MSU/raingauge data set, and missing data is shaded black. Precipitation contours
are drawn at 1,2, 4, 8, 12,... mm day ! and positive anomalies are grey-shaded. The
850hPa wind anomalies are from ECMWF analyses. Isotachs are plotted with an in-
terval of 2m s™1.
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Fig. 19. a) as Fig. 18a but for the BMRC model, b) as Fig. 18b but for the BMRC mo
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Fig. 20. All-India and Sahel rainfall/SST teleconnection sensitivity to horizontal res-
olution, convective parametrization closure, and numerics. The models are ordered
from low to high horizontal resolution. Moisture (light-shaded) versus buoyancy clo-,
sure (dark shaded) a) India b) Sahel. Gridpoint (light shaded) versus spectral (dark-
shaded) numerics c) India d) Sahel. ‘ :
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Fig. 21. Reproducibility of seasonally averaged precipitation (December/J anuary/
February, March/April/May, J une/July/August, and September/October/N: ovember) Q
for the ECMWF and SUNY/NCAR Genesis 2 initial condition sensitivity integrations.
For values of R exceeding 0.45, the null hypothesis that SST has no influence may be
rejected at the 5% level (Rowell 1995, personal communication).
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