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ABSTRACT

A global general circulation model was integrated for 60 days with the observed initial conditions at 0000
UTC on 15, 16 and 17 December 1982 and climatological boundary conditions of sea surface temperature
(SST), soil moisture, snow cover, sea ice and albedo. These integrations were repeated after the observed SST
anomalies over the Pacific Ocean during the winter of 1982-83 were added to the climatological SST. Model
forecasts for 10-, 30- and 60-day averages of circulation and rainfall were examined.

A comparison of the model-predicted, time-averaged circulation and rainfall anomaly with the corresponding
observations show that the inclusion of the sea surface temperature (SST) anomalies over the Pacific Ocean
produces spectacular improvements in the forecasts of tropical circulation and rainfall. There is also clear
improvement in the forecasts of extratropical circulation, especially after the model drift is removed from the
forecasts. The model drift was calculated as the mean difference between the model forecasts with climatological
boundary conditions for the five different and independent initial conditions (at 0000 UTC on ! January 1979,
1980, 1981, 1982 and 1984) and the corresponding verifying observations. Due to an insufficient number of
forecasts for defining the model drift, only a zonally symmetric model drift was removed from the forecasts.
This study, like several other similar studies, clearly demonstrates that if SST anomalies could be predicted in
advance, it would be possible to make substantial 1mprovements in long range prediction over the tropics and

also, to a limited extent, over the midlatitudes.

1. Introduction

A possible conceptual framework to examine the
‘questions related to the variability and prcdlctablllty
of monthly and seasonal average atmospheric circu-
lations is to consider separately the roles of the internal
dynamical processes and the changes in the boundary
conditions at the earth’s surface (Charney and Shukla,
1981). Such a framework makes it convenient to in-
terpret the results of a large number of observational
and modeling studies which are designed to investigate
the influence of a particular boundary forcing. In an
earlier paper it was suggested that in the classical pre-
dictability sense the monthly average circulations
should be predictable using complex general circulation
models (GCMs) of the atmosphere (Shukla, 1981). This
conclusion was based on the following model-derived
results: (a) planetary-scale waves are more predictable
than the synoptic-scale waves; (b) it is the predictability
of the low-frequency planetary scale waves that is im-
portant for the prediction of monthly averages; and (c)
the combined effects of the unpredictability of the
planetary scale waves and the degradation of their pre-
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dictability due to interactions with the unpredictable
synoptic scale waves is not large enough to make the
monthly averages unpredictable. In other words, the
limit of deterministic prediction of about 2 weeks based
on classical predictability studies does not apply to the
predictability of space-time averages, because the
former refers to the predictability of instantaneous flows
described by locations and intensities of the individual
synoptic scale disturbances, whereas, the latter refers
to the average properties of the flow for which the errors
in prediction of individual disturbances is considerably

. reduced. These conclusions did not necessarily mean

that useful monthly forecasts can actually be made with
GCMs, particularly because the GCMs have a tendency
to drift to their own climate rather quickly, and the
errors simply due to the climate drift could be large
enough within a month to make the monthly forecasts
useless. It was conjectured, however, that if the inter-
actions between the climate drift and the transient evo-
lution of the initial flow were not too strong, and if the
errors due to climate drift were quasi-systematic, they
could be removed from the model-produced forecasts
(Shukla, 1983). A recent pioneering study by Miyak-
oda, et al. (1986) lends further support both to the con-
cept of the dynamical predictability of monthly means
and to the conjecture of the weak interaction between
the climate drift and the transient evolution of the ini-
tial flow. Their results provide convincing evidence that
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the dynamical structure of the initial flow, and partic-
ularly of its planetary wave component, has sufficient
memory of its own that a realistic nonlinear dynamical
model can produce useful forecasts of 30-day averages.

In the papers referred to the possible role of the
boundary conditions in enhancing the predictability
of monthly and seasonal averages was also considered,
but not investigated. Based on a review of several ob-
servational and modeling studies, it was suggested that
the inclusion of the effects of the boundary conditions
at the earth’s surface has the potential to further en-
hance the predictability of monthly and seasonal av-
erages (Shukla, 1984).

The present research is one such attempt to inves-
tigate the impact of using correct SST boundary con-
ditions in the Pacific Ocean on prediction of 30- and
60-day average circulation and rainfall. The improve-
ments in the prediction of the time averaged circulation
due to the correct specification of SST anomalies in
the equatorial Pacific, alone, are found to be large
enough to validate the suggestion that a correct treat-
ment of the boundary conditions of global SST, soil
moisture, sea ice and snow, etc., could further enhance
the prediction of the space~time average circulation of
the atmosphere. It should be noted, however, that the
observed SST anomaly during 1982-83 was one of the
largest ever observed, and more prediction experiments
need to be carried out to determine the quantitative
effects of other boundary conditions observed during
other years.

Mechanisms through which changes in the different
boundary conditions influence the changes in the at-
mospheric circulation have been previously summa-
rized in various papers (Namias, 1978; Shukla, 1984;
Walsh et al. 1985) and it is sufficient to state that the
physical processes which give rise to anomalous at-
mospheric circulation due to anomalous boundary
forcing ‘are different for different types of boundary
forcings over land and ocean. These influences depend
not only on the magnitude and the spatial scale of the
boundary anomaly, but also on the structure of the
dynamical flow which interacts with the lower bound-
ary, and therefore it is not possible to infer the possible
influences in advance. It is necessary to perform a nu-
merical integration of a GCM to determine the influ-
ence of the boundary condition as it depends upon the
structure of the initial large-scale flow whose evolution
we wish to predict. In this study we have started inte-
gration from the observed initial conditions during
December 1982 and made 60-day predictions with and
without the observed SST anomalies in the Pacific
Ocean, while examining their impact on prediction.

2. Influence of equatorial Pacific SST anomalies on
atmospheric circulation

Recently several scientific papers have appeared in
which the influence of tropical SST anomalies on at-
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mospheric circulation has been investigated by carrying
out controlled numerical experiments with dynamical
models of varying degrees of complexity. In order to
better define the context in which the present study
has been carried out, and also, in order to provide a
suitable interpretation of the present results, we have
summarized below the conclusions and our interpre-
tations of earlier investigations.

Results of GCM sensitivity to equatorial Pacific SST
anomalies have been reported by Rowntree (1972), Ju-
lian and Chervin (1978), Rowntree (1979), Keshava-
murty (1982), Blackmon et al. (1983), Shukla and
Wallace (1983), Palmer and Mansfield (1984), Fen-
nessy et al. (1985), Geisler et al. (1985), Tokioka et al.
(1985), Boer (1985), Cubash (1985), Michaud et al.
(1985), Suarez (1985), and Palmer and -Mansfield
(1986a, 1986b). Based on the results of such numerical
experiments and other more theoretical investigations
(viz., Webster, 1981; Hoskins and Karoly, 1981) a
conceptual model for the mechanisms through which
SST anomalies influence the model atmosphere has
been described by Shukla (1986). The basic concepts
and the key results of the numerical experiments can
be summarized as follows:

(i) SST anomalies, particularly in the tropics, can
produce significant changes in the atmospheric circu-
lation, locally and remotely, only if the magnitude and
the spatial scale of the anomaly, and the structure of
the mean SST field and the large scale dynamical cir-
culation are such that the surface sensible and latent
heat flux anomalies can be transformed into a deeper
heating anomaly in the atmosphere.

(i) Warm SST anomalies over relatively warmer
mean background SST in areas of large-scale, low-level
convergence in the tropics are more favorable for pro-
ducing deep heating anomalies than the regions of
colder mean background SST and large-scale low-level
divergence. .

(iii) The tropical response strongly depends upon
the shape and size of the SST anomaly and its location
with respect to the large scale SST field; its dependence
upon the initial conditions of the atmospheric flow
fields is rather weak. On the other hand, the midlatitude
response to the tropical SST anomalies (and therefore
tropical heating fields) strongly depends upon the
structure and variability of the large-scale dynamical
circulation. Therefore, two different GCMs with dif-
ferent climatologies of stationary and transient vari-
ability can produce quite different midlatitude re-
sponses for the same tropical SST anomaly.

(iv) The time it takes for a GCM simulation to be
influenced by a prescribed SST anomaly depends upon
the time it takes for the surface anomaly to be trans-
formed into a deep heat source which, in turn, depends
upon the physical parameterizations of the model. It
is therefore likely that if the boundary layer and con-
vection parameterizations in a GCM are such that it
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takes too long to transmit the boundary anomaly to
the interior, the GCM would not show any influence
of the changes in the boundary conditions on medium-
range prediction.

(v) The midlatitude equilibrium (long term mean)

response of a tropical SST anomaly depends upon the
mean climate of the model, but the transient response
(especially the first 30 days) depends mainly upon the
structure of the initial conditions of the atmospheric
flow. :
The general approach of earlier GCM studies has
been to conduct sensitivity experiments in which the
model’s numerical response to the prescribed SST
anomalies has been investigated by integrating the
model with and without the SST anomalies and ex-
amining the difference between the two model inte-
grations as a possible response to the prescribed SST
anomaly.

This study differs in one important respect: we would
like to investigate the impact of SST anomalies on the
skill of the 30-60 day prediction. We start our inte-
grations with observed initial conditions and we verify
our results against the actual atmospheric observations.
The present study is a natural extension of the past
investigations; the cumulative results have given us
enough confidence to initiate actual prediction exper-
iments. In order to make our results comparable with
the earlier investigations, we have also examined the
results as classical sensitivity experiments by presenting
differences in GCM simulations with and without the
SST anomaly.

In section 3 we have described the results of several
model integrations with climatological boundary con-
ditions. These integrations were required in order to
determine the systematic forecast errors which will be
referred to as the model drift. In section 4 we will de-
scribe the initial conditions, the boundary conditions
and the experimental design. In section 5, we present
the results of the integrations and forecast verification,
and in section 6, we present a summary and concluding
remarks. )

3. The model, the model climatology and the model
drift

The GLAS climate model used for this study is global
in extent with a 4° latitude by 5° longitude grid and
nine sigma levels in the vertical. The PBL in the model
is that of Deardorff (1972) as modified by Randall
(1976). Supersaturation clouds occur at all nine levels,
while convective clouds (Arakawa, 1969) are limited
10 the lowest six levels. Only the lowest six levels of
supersaturation clouds interact with radiation: The
Matsuno scheme is used for time integration with a
7%2 min time step. Shortwave radiation and other
physical processes are calculated each simulated half-
hour, with the exception of longwave radiation which
is calculated at 5-h intervals and applied at each half-
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hour. This model and the climatological boundary
conditions used are identical to those used and de-
scribed by Fennessy et al. (1985).

In order to analyze the model climatology and de-
termine the model climate drift, five 60-day integra-
tions were carried out using seasonally varying cli-
matological boundary conditions of SST, soil moisture,
sea ice and snow cover. These integrations were started
from NMC analyses of 0000 UTC on 1 January 1979,
1980, 1981, 1982 and 1984. All future references to
the model climatology will be referring to the average
of these five integrations. The observed analyses at 12-
h intervals for the same five 60-day periods were also
obtained from NMC. All future references to the ob-
served climatology will be referring to the average of
these five analyses. Five years of observations would
normally be considered too few to obtain a reliable
climatology. However, our aim here is not to use the
“best” available observed climatology, but to use the
observed climatology most appropriate to compare
with our model climatology. The difference (model cli-
matology minus observed climatology) gives the model
climate drift. It would have been desirable to have many
more integrations to determine the model drift; how-
ever, the zonally averaged character of the drift is so
repetitive in each of the five integrations that we feel
justified in calculating the zonally averaged drift from
five cases only. It is only the zonally averaged climate
drift that is removed from the model forecasts before
verification against the actual observations.

The 1-5 day average drift in the zonally averaged
temperature field (Fig. 1a) already displays a negative
bias at upper levels in the polar regions. By days 11~
15 (Fig. 1b), this negative bias has increased to over 5
deg in the upper levels, while expanding throughout
most of the troposphere. By days 56-60, the last 5 day
average in the climatology, this negative drift has
reached over 20 deg in the polar regions at the upper
levels and is 3 deg or more almost everywhere, with
the exception of the tropics (Fig. 1c). The 1-60-day
average drift (Fig. 1d) resembles the 56-60-day drift
except it has about one-half the magnitude, suggesting
a quasi-linear growth of the extratropical model drift.

The observed 60-day climatology of the zonally av-
eraged zonal wind contains subtropical jets with max-
ima between 200 and 300 mb (Fig. 2a). The model
climatological zonal wind profile correctly simulates
the position and magnitude of the subtropical jets up
to about 200 mb (Fig. 2b). Above 200 mb the model
jets are too strong, particularly the winter jet which
continues to increase with height. The model correctly
simulates the tropical easterlies below 500 mb, although
at upper levels, unlike the observed, the simulated
tropical zonal wind is westerly.

The model’s 60-day climatology of sea level pressure
(SLP) is quite reasonable with respect to the observed
climatology (not shown). The major discrepancy is that
compared to observations, the model SLP is higher
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FIG. 2. Time mean (1-60 day) zonally averaged zonal wind (m s™') for (a) 5-yr
observed climatology and (b) 5-yr model climatology. Dashed contours are negative,

over the oceans and lower over the continents in the
Northern Hemisphere.

The 60-day 300-mb geopotential drift (Fig. 3) is
dominantly negative, reflecting the cold bias seen in
the zonal temperature drift field (Fig. 1d). It is rather
interesting to note that the drift in the geopotential
height field in the northern hemisphere is very similar
to that in one version of the GFDL Model (Miyakoda
et al. (1986, Fig. 6).

The observed December, January, February (DJF)
climatological precipitation (Fig. 4a) was calculated
from a 7 year outgoing longwave radiation (OLR) cli-

matology using an empirical formula (Arkin, personal
communication). The empirical formula is

precipitation (mm/day)
= (25.4/30) X (63.9.— 0.22 OLR)

where OLR represents the outgoing longwave radiation
in W m™2, The areas of heavy rainfall in the model 60-
day climatological precipitation (Fig. 4b) compare well
with the observations. The observed rainfall maxima
over Indonesia and South America are simulated rea-
sonably well; however, the model tends to produce
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FIG. 3. Time mean (1-60 day) model drift for 300-mb geopotential
height (meters) (model 5-yr climatology—observed 5-yr climatology).

Dashed contours are negative.

precipitation across the whole equatorial region rather
than placing it in the South Pacific convergence zone
(SPCZ), as observed.

"We do not have any satisfactory explanation for the
fine structures in the maps of climate drift (see for ex-

ample, Fig. 3). Although we believe that a large part.

of the zonal asymmetry of the model drift is genuine,
we are not confident that five cases are enough to define
the three-dimensional character of the climate drift be-
cause the influence of the individual initial conditions
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FIG. 4. (a) The DJF mean observed climatology of precipitation

(mm day™') calculated from 7-yr OLR climatology. (b) 1-60 day

average 5-yr model climatology of precipitation. Contour interval is

4 mm day™'.

could be quite large. We have, therefore, chosen only
to remove the zonally averaged climate drift from the
forecasts described in the later sections. It is possible
that the improvements in the model forecasts would
be even larger if the three-dimensional climate drift
could be reliably calculated and removed from the
model forecasts.

4. Initial and boundary conditions

Three observed initial conditions (ICs) from the
NMC analyses for 0000 UTC on 15, 16 and 17 De-
cember, 1982 were used. For each initial condition,
two model integrations were carried out until 15 Feb-
ruary 1983 using climatological boundary conditions
(to be referred to as control (C) integrations) and ob-
served SST over the Pacific Ocean during 1982-83 (to
be referred to as boundary change (B) integrations).
The initial condition for the 300-mb geopotential
height on 16 December is shown in Fig. 5a. The dif-
ference in the 300-mb geopotential height between the
average of the three ICs and the 5-yr observed January
climatology is shown in Fig. 5b. Notable are the deep
Aleutian and Icelandic lows and the ridging over North
America and Eurasia relative to the January Clima-
tology. To illustrate how different the initial conditions
are from each other, the difference in the 300-mb geo-
potential height between 15 December and 17 Decem-
ber is shown in Fig. 5c. At some grid points this dif-
ference exceeds 500 m.

The climatological SST for January used in the con-
trol simulations is shown in Fig. 6a. The corresponding
SST used in the boundary simulations is shown in Fig.
6b. The SST for the boundary forecasts was obtained
by adding the observed monthly SST anomalies for
December 1982, January 1983 (Fig. 6¢) and February
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F1G. 5. Geopotential height (meters) at 300 mb for (a) 16 December
1982 initial condition; (b) average of three initial conditions (15, 16
and 17 December 1982) minus 5-yr January observed climatology;
and (c) 17 December 1982 initial condition minus 15 December
1982 initial condition. Dashed contours are negative.

1983 to the respective monthly climatological SST for
the region of the Pacific from 40°S to 60°N. The SST
anomaly was obtained from the Climate Analysis Cen-
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ter. During the integration, the SST at the model grid
points is updated daily by linear interpolation from the
monthly SST.

5. Results

The results are presented in three sections. Subsec-
tion 4a describes the time mean observed and forecast
anomaly fields. In subsection 4b the time evolution of
some features of the anomalous circulation are pre-
sented. Finally, in subsection 4c the forecasts are eval-
uated in terms of root-mean-square (rms) error and
anomaly correlation coefficient (ACC).

a. Time mean anomalies

Two types of time mean model-simulated anomalies
are compared with the time-mean observed anomalies.
The first type of simulated anomaly is calculated by
subtracting the average of the three control integrations
from the average of the three boundary integrations.
This method of calculating the anomalies emphasizes
the effects of the anomalous boundary conditions only,
because contributions from the initial conditions are
removed which can be significant either due to persis-
tence or due to the evolution of circulation features
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FIG. 6. January sea surface temperature (°C) for (a) climatology
used in control integrations; (b) 1983 used in boundary integrations;
and (c) observed anomaly for January, 1983. Dashed contours are
negative.
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present in the IC. However, this method automatically
removes the model climate drift, assuming it is identical
in the control and the boundary simulations. All
boundary minus control (hereafter, B — C) fields shown
in this section are time averages for the first 60 days of
the integrations. v

The second type of simulated anomaly, to be referred
to as the forecast anomaly, is calculated by subtracting
the 60-day mean observed climatology and the zonally
averaged model climate drift from the 60-day mean
model forecasts. For brevity the three types of anom-
alies examined here can be defined as follows,

boundary forced anomaly: B-—C
0-0C
B—- (MC - 0C) - 0C

observed anomaly:
forecast anomaly:
where

B average of three boundary simulations starting
from 15, 16 and 17 December 1982,
through 15 February 1983; - :

C average of three control simulations starting
from 15, 16 and 17 December 1982,
through 15 February 1983; -

0] observed NMC analysis from 15 December
1982, through 15 February 1983

OC observed climatology: average of 5-yr of
observed NMC analyses (1979, 1980, 1981,
1982, and 1984).

MC model climatology: average of 5 model
(control) simulations for 60 days each. The
observed and the model climatologies are
calculated for 60-day periods starting from 1
January of five different years (1979, 1980,

. 1981, 1982 and 1984).

OC'  zonally averaged values of OC

MC zonally averaged values of MC.

The forecast anomaly retains the contribution of the

initial conditions in the 60-day mean forecast. We will
show that the contribution of the initial conditions even
for a 60-day mean forecast is not negligible. By com-
paring these results with earlier sensitivity studies using
the same model, we will also show that use of the correct
IC gives rise to a more realistic response due to the
change in SST. It should be noted that the length of

the model integrations used for calculation of the model

drift is always identical to the length of the model fore-
casts, although they are not for the same calendar dates.
This should not affect our results because the model
drift is more a function of the length of integration
time than the calendar date of the initial condition
within a given season. To be consistent with the defi-
nition of the forecast anomaly and boundary minus
control (B — C) anomaly, the observed anomalies
shown in this section are calculated by subtracting the
observed 60-day mean (16 December 1982 through 15

February 1983) NMC analysis from the 5-yr 60-day-
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mean observed climatology discussed before. The ob-
served precipitation anomalies shown here are an ex-
ception due to the lack of an analyzed precipitation
dataset.

The observed December, January, February (DJF)
1982-83 precipitation anomalies shown in Fig. 7a are
calculated from outgoing longwave radiation (OLR)
anomalies based on a 7-yr OLR climatology. To facil-
itate comparison with model results, the empirical re-
lation that a negative 5.7 W m~2 OLR anomaly cor-
responds to a positive 1 mm day™! precipitation anom-
aly was used to obtain the anomalies in precipitation
units (Arkin, personal communication). This empirical
relation should be used with caution as it is based on
just 7 yr of data over a small region in the tropical
Pacific. All observed and simulated -fields in the re-
mainder of this section are time-averages over the first
60 days of the simulations as previously discussed. The
structure and the pattern of the model simulated pre-
cipitation anomaly (B — C, Fig. 7b) is remarkably sim-
ilar to the observed precipitation anomaly. The large
positive precipitation anomaly observed over the cen-
tral and eastern tropical Pacific which was the most
unusual feature of the tropical rainfall during the winter
of 1982-83 is particularly well simulated. The negative
anomaly over Indonesia-Australia and the negative-
positive anomaly dipole over Brazil are also well sim-
ulated. The positive anomaly observed in the vicinity
of 20°S, 120°W associated with an eastward shift in
the SPCZ is not well simulated. This is not surprising
in light of the poor simulation of the SPCZ in the model
climatology (Fig. 4b). It should be noted that the B— C
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FIG. 7. (a) The DJF 1982-83 observed precipitation anomaly (mm
day™) calculated from observed OLR anomaly. (b) 1-60 day average
B — C precipitation difference. Contours are £1, 2, 4, 8 and 12 mm
day™'. Dashed contours are negative.
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precipitation differences were mainly due to the dif-
ferences in the moisture flux convergence in the lower
layers. However, positive latent heat flux differences of
over 100 w m~2 occurred in the region 115°-150°W,
5°N-5°S.

In association with the precipitation anomalies
strong (~ 10 m s~!) low-level westerly wind anomalies
were observed during the 1982-83 winter season in the
central equatorial Pacific (Fig. 8a). The B — C wind
field at 850 mb (Fig. 8b) correctly simulates these
anomalies, as does the forecast anomaly wind field at
850 mb (Fig. 8c). However, a weak anomalous anti-
cyclonic feature observed to the northwest, and a weak
anomalous cyclonic feature to the southeast are sim-
ulated only in the forecast anomaly field.

The observed sea level pressure (SLP) anomaly field
(Fig. 9a) contains a strong negative Southern Oscilla-
tion (SO) signal in the tropics, as well as large negative
anomalies near the Aleutians, New Zealand, Iceland,
northwestern Eurasia and the southern tip of Africa.
The B — C SLP field (Fig. 9b) contains the strong SO
signal in the tropics, but has weaker-than-observed
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negative anomalies near the Aleutians, New Zealand
and Iceland. The forecast anomaly SLP field (Fig. 9¢)
contains the strong SO signal as well as the other four
observed strong extratropical negative anomalies;
however, the forecast anomaly is not better than B — C
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everywhere, as is the case over the southwestern United
States. This occurs in regions where the model has sim-
ilar local forecast errors in both B and C runs; thus, by
taking the difference, B — C, this error is reduced.

- The observed zonally averaged temperature anomaly
cross section (Fig. 10a) contains a greater than 1 deg
anomaly from the surface up to almost 200 mb in the
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tropics. This anomaly is likely due to the tropical heat-
ing anomaly associated with the precipitation anomaly.
The B — C (Fig. 10b) and forecast anomaly (Fig. 10c)
zonal temperature cross sections contain tropical
anomalies of similar magnitude and extent, although
they both place more of the anomaly in the upper at-
mosphere than observed. Negative anomalies in the

- observed zonal temperature cross section near 45°S

and 80°N are only weakly represented in the simulated
anomaly fields; however, observed positive anomalies
poleward of 60°S are simulated reasonably well, par-
ticularly in the forecast anomaly field.

Both subtropical jets were anomalously strong in
1982-83 as evidenced by the observed, zonally aver-
aged, zonal wind anomaly cross section (Fig. 11a). The
B — C zonal wind cross section (Fig. 11b) also contains
positive anomalies in the vicinity of the subtropical
jets, but they are roughly half the magnitude of those
observed. In the extratropics, the correspondence be-
tween the observed and the B — C fields is rather poor,
although they both display a tendency for banding of
positive and negative anomalies. The forecast anomaly
zonal wind cross section (Fig. 11c) contains a remark-
ably good representation of the observed strengthening
of the subtropical jets as well as the large decrease in
the Southern Hemisphere midlatitude zonal winds.

The general pattern of increased subtropical jets and
decreased zonal winds in midlatitudes can also be seen

-in the observed global 300-mb zonal wind anomaly

field (Fig. 12a). Also evident in this field is the strong
negative anomaly over the equatorial Pacific. This
anomaly is not so prominent in the zonal average (Fig.
12a) because of cancellation with the positive anomalies
over the equatorial Atlantic and Africa. The equatorial

- Pacific negative anomaly, the increased speeds of sub-

tropical jets, the negative midlatitude anomalies and
the positive anomalies in the tropics downstream are
all represented in the B — C 300-mb zonal wind field
(Fig. 12b) as well as in the forecast anomaly zonal wind
field (Fig. 12c). There is a general tendency for these
features to shift equatorward downstream, which par-
tially explains why they are not all strongly represented
in the zonally averaged fields. The reason the B — C
field is better than the forecast anomaly field over Spain
is because both the control and boundary simulations
had large but similar errors which were reduced by
taking the difference B — C. ’
The observed 300-mb height field contains large
anomalies in both the tropics and the extratropics (Fig.
13a). An anomalous anticyclonic couplet straddles the
equator in the Pacific and strong negative anomalies
are flanking in middle latitudes. Over North America,
a PNA type pattern (Wallace and Gutzler, 1981) is also
evident. The B — C 300-mb geopotential height field
(Fig. 13b) also contains these features. A similar B — C
geopotential height anomaly field shown by Fennessy
et al. (1985) failed to show any evidence of a PNA type
pattern, even though they used the same model and
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the same boundary conditions. The only difference is
that those simulations were performed with different
initial conditions, whereas the current simulations are
all initialized from the actual 1982 observations. By
defining the anomaly as the difference between the
boundary and the control simulations (B — C), the

N
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persistence effect of the initial conditions is automat-
ically removed; however, the B — C 300 mb height
field still shows a PNA type pattern as was observed.
This suggests that in addition to the persistence effect,
the observed initial conditions also produce a more
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F1G. 12. 1-60 day average 300-mb zonal wind (m s™") for (a) ob-
served anomaly; (b) B — C; and (c) forecast anomaly. Contours are
+2, 5, 10, and 15 m s™'. Dashed contours are negative.
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correct evolution of the boundary forced circulation
anomaly. As seen in Fig. 5b there were strong anomalies
present in the initial conditions themselves; most no-
tably, a very strong negative anomaly occurred in the
vicinity of the Aleutian low, which had great persistence

120W sow 40w [+]
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in the observations as well as in both the control and
boundary simulations. Thus, even though the effect of
the boundary conditions was to deepen this low, as
seen in Fig. 13b, the resulting anomaly is small com-
pared to that observed. The forecast anomaly 300-mb
geopotential height field (Fig. 13c) contains a more re-
alistic representation of the negative anomaly over the
Aleutians as well as the negative anomaly near Texas
and over western Asia. The positive anomaly over
North America is not well positioned and is too strong
compared to that observed. A band of negative anom-
alies in the Southern Hemisphere, and particularly the
large negative anomaly near New Zealand are simu-
lated reasonably well. We conjecture that a three-di-
mensional climate drift correction based on a much
larger number of control integrations and observations
could further improve the forecasts.

b. Time evolution of the circulation anomalies

The time evolution of the Northern Hemisphere
midlatitude 300-mb geopotential height anomalies is
presented in a longitude-time cross section constructed
from nonoverlapping 5-day means. In Fig. 14, longi-
tude~time cross sections of 300-mb geopotential height
averaged from 44°N to 56°N are presented for (a) ob-
served anomaly; (b) B — C; and (c) forecast anomaly.
These anomaly fields are calculated the same way as
those discussed in the time-mean section of this paper,
except that 5-day means are used for all components
of this calculation instead of the 60-day means. The
strong negative anomaly observed in the vicinity of the
Aleutians (160°W, Figs. 13a, 14a) persisted throughout
the 60-day period with the exception of a brief period
around days 11-15. Both the B — C anomaly field as
well as the forecast anomaly field also maintain this
anomaly, although the forecast anomaly field (Fig. 14c)
more closely resembles the one observed (Fig. 14a) than
does the B — C field (Fig. 14b). The positive anomaly
observed in the Hudson Bay area (80°-100°W, Figs.
13a, 14a) persisted through most of the 60-day period,
although it shifted eastward during the last 15 days.
The forecast anomaly field (Fig. 14c) correctly simulates
the evolution of this feature whereas the B — C field
(Fig. 14b) does not. Neither of the simulated anomaly
fields closely resemble the observed field west of 160°E,
although the forecast anomaly field is generally closer
to the observations than the B — C field. Overall, the
time evolution of the forecast anomaly appears to be
a fair representation of the time evolution of the ob-
served anomaly. The overall low magnitude of the B
— C and forecast anomalies is mainly due to the av-
eraging of the three cases, which were somewhat dis-
similar.

To demonstrate the time evolution of selected fea-
tures of the observed and simulated circulation, areally
averaged 5-day running mean/time series are also pre-
sented. In Fig. 15, the observed time series is starred,
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the individual control integrations are light dashed, the
average of the three control integrations is heavy
dashed, the individual boundary integrations are light
solid and the average of the three boundary integrations
is heavy solid.
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In- 1982-83 a precipitation anomaly dipole with
anomalously strong precipitation in the eastern Pacific
and anomalously weak precipitation in the western
Pacific was observed. The curves in Fig. 15a depict the
time evolution of this dipole [eastern Pacific (8°N-
8°S, 127.5°~157.5°W) minus western Pacific (§°N-
8°S, 127.5°-157.5°E) precipitation anomaly). The
observed precipitation used for Fig. 15a was calculated
from the OLR time series using the empirical formula
described earlier. Before taking the difference, the
areally averaged precipitation used for all nine curves
displayed in Fig. 15a was put in anomaly form by sub-
tracting the appropriate monthly mean observed cli-
matological precipitation. This observed climatological
precipitation was obtained using the same 7-yr OLR
climatology and the same empirical formula used for
Fig. 4a. The curves for the control integrations hover
around zero, indicating near climatological values for
this index. The boundary integrations immediately be-
gin to develop the observed anomaly dipole, and from
day 25 onward contain an anomaly dipole which is
very similar to that observed. It is noteworthy that the
three integrations with different initial conditions are
quite close to each other for the control as well as for
the boundary integrations, suggesting that the tropical
rainfall is strongly influenced by the boundary condi-
tions.

A record negative Southern Oscillation index was
observed during the winter of 1982-83 (Quiroz, 1983).
A measure of the tropical Pacific SLP anomaly dipole
is shown in Fig. 15b in which the curves display the
difference (eastern Pacific (§°N-8°S, 117.5°-97.5°W)
minus western Pacific (8°N-8°S, 122.5°-142.5°E) SLP
anomaly. Before taking this difference, the areally av-
eraged data used for all nine curves was put in anomaly
form by subtracting the observed January climatolog-
ical SLP (Godbole and Shukla, 1981). For the control
integrations, this index is initially near zero, but has a
slight negative trend due to a negative drift in the model
climatological eastern Pacific SLP. It immediately be-
comes negative in the boundary integrations and is very
close to the observed index throughout the 60-day pe-
riod. It should be noted again that the effect of changing
the boundary condition is much larger than that of
changing the initial conditions in the tropics.

The development of the tropical temperature
anomaly can be inferred from the time series of 200~
1000 mb thickness averaged zonally and from 30°S to
30°N (Fig. 15¢). Although the tropical atmosphere in
the boundary integrations is still cold relative to that
observed, it immediately warms up relative to that in
the control integrations. Overall, the tropical temper-
ature error has been roughly halved by the inclusion
of the observed SST in the boundary integrations.

The central equatorial Pacific (8°N-8°S, 157.5°-
137.5°W) 200-mb zonal wind is shown in Fig. 15d.
The observed time series shows negative (easterly) zonal
winds for the entire period. The zonal wind in this
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region remains westerly in the boundary integrations; - The 200-mb zonal wind in the vicinity of the North-
however, its magnitude is greatly reduced relative to ern Hemisphere subtropical jet (24°~40°N, 157.5°~
that in the control integrations. The zonal wind in the  137.5°W) is shown in Fig. 15e. Unlike the previously
control integrations is westerly and far too large in shown tropical time series, the individual initial con-
magnitude. ditions for control and boundary integrations are not



1 JANUARY 1988 J. SHUKLA AND M. J. FENNESSY 23
2%0 -~ T - — IL 1.9
J a
228 | - 0.8 |
200 |- e o8}
s 4 £ o4l
g o
§ 150 1 4 % o2l
é 128 | 4 % 0.0
»
u L - e -0.2 [
-~ \\
F1s // ~ 4 -04 ¢
’/
’I
sol e ha! -0.8
Pl . .
wl 7 : —y -08 |-
'y ‘. A 1 i 2 l -10 . — A . L A
=10 11-20  21-30  91-40  41-80  51-80 1-10 11420 21-30  31-40 4160 5160
OAYS DAYS
280 T T Ling T L 10 T L T T [d]
C
228 | B o8l B
200 | 4 cef 4
ws | 4 § o4 4
é 180 4 % a2l ~
g 128 4 g 0.0
>
‘é‘ 100 E § 02 E
76} P , - ~0.4 4
Pl .~
0 |- g -06} el 1
2} /‘““. -1 e L N T _]
A L 1 T -1.0 A.. L L —d
1-30 11-40 21-80 31-80 -3 11-40 21-80 31-60

DAYS

DAYS

FIG. 16. The rms error (meters) and anomaly correlation coefficients (ACC) for tropical region

(20°S-20°N) for 300 mb. (a) rms error for 10-day mean; (b) ACC for 10-day mean; (c) rms error
for 30-day mean; and (d) ACC for 30-day mean. Average of control integrations is dashed; average
of boundary integrations is solid; average of boundary integrations minus zonally averaged climate
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clustered close to their means; this is indicative of the
much higher variability in midlatitudes due to small
changes in the initial conditions. However, the zonal
wind for the boundary integrations is closer to the ob-
servations for days 1-10 and 25-60. During days 10—
25, the control simulations are closer to the observa-
tions compared to the boundary simulations. During
days 30-45, the zonal wind for even the boundary sim-
ulations remains low compared to the extremely strong
observed winds. The most remarkable feature of this

figure is the large variability due to different initial con-
ditions.

¢. The root-mean-square error and anomaly correlation
coefficients

The first 60 days of the average control and average
boundary integrations are compared to the observa-
tions for the same period, 16 December 1982-15 Feb-
ruary 1983. The rms error and ACC for the average of
three integrations for 300-mb geopotential height are
presented for the following five types of forecasts:

1) control integrations with climatological boundary
conditions and no removal of the zonal mean climate
drift (CONTY);

2) boundary integrations with the observed SST
anomaly in the Pacific Ocean and no removal of the
zonal mean climate drift (BOUND);

3) control integrations with climatological boundary
conditions and removal of the zonal mean climate drift
(C - ZD);

4) boundary integrations with the observed SST
anomaly in the Pacific Ocean and removal of the zonal
mean climate drift (B ~ ZD);

3) persistence (PERS).

The observed climatology previously described is
used as the basis for all ACC calculations. The results
for nonoverlapping 10- and 30-day means are shown
in Figs. 16, 17, 18 and 19. The resuits for the 60-day
mean forecasts are given in Table 1. In Table 1, the
results are given from left to right for CONT, BOUND,
C—ZD, B - ZD, and PERS. The ACC is not presented
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for the persistence forecast. These calculations are re-
ported for four regions, which, going down a column
in Table 1 are tropics (20°S-20°N), Southern Hemi-
“sphere (20°~76°S), Northern Hemisphere (20°-76°N)
and Pacific-America sector (58°S-58°N, 60°-180°W).
The 10- and 30-day mean values for the same four
regions are presented in Figs. 16, 17, 18 and 19, re-
spectively. In these figures, persistence (rms only) is
starred, C is dashed, B is light solid and B — ZD is
heavy solid. In Figs. 16~19, C — ZD is not shown in
order to make the figures more readable. As shown in
Table 1, the improvements in the control forecast made
by removing the zonally averaged model climate drift
are comparable to that made by removing the zonally
averaged model climate drift from boundary fore-
casts (B). .
In the tropics (Table 1 and Fig. 16), the effect of the
'SST anomaly is to greatly improve the forecast (rms
and ACC) for all time means. Because of a strong neg-
ative climate drift in the tropics, the ACC becomes
negative for the control integrations. However, only

after removing the zonally averaged model climate drift
does the tropical forecast become better than persis-
tence for rms.

In the Southern Hemisphere (Table 1 and Fig. 17),
the effect of the SST anomaly is to slightly improve the
forecast (rms and ACC) for all the time means. Re-
moving the zonally averaged model climate drift in the
Southern Hemisphere greatly reduces the rms errors,
but also reduces the ACC. This seemingly contradictory
result arises because the model climate drift in the
Southern Hemisphere midlatitudes (Fig. 3) is very.
similar to the observed anomaly (Fig. 13a).

In the Northern Hemisphere (Table 1 and Fig. 18),
the effect of including the SST anomaly is to improve
.the forecast (rms and ACC) for all -the time means.
Removing the model climate drift produces further
improvement.

The Pacific-American sector (Table 1 and Fig. 19)
was chosen because we expected the effects of the Pa-
cific SST anomalies to be most prominent over that
region. Thus, it is encouraging that our greatest forecast
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improvement by including the SST anomaly is ob-
tained for this region.

6. Summary and concluding remarks

A global general circulation model was integrated
for 60 days starting from five observed initial conditions
at 0000 UTC on 1 January 1979, 1980, 1981, 1982
and 1984, with climatological, seasonally varying
boundary conditions of SST, soil moisture, sea ice and
snow cover. The differences between the model pre-
dictions and the actual observations for these five in-
tegrations were averaged to define the systematic error
(climate drift) of the model. This climate drift con-
tained much zonal asymmetric structure, although the
asymmetric component of the forecast error was highly
variable among the five cases. The zonally averaged
forecast error was quite similar in all five cases, and
therefore, the zonally averaged forecast error for all
five cases was averaged to define a mean zonally av-
eraged model climate drift, which could be later used

to correct the model forecast produced from indepen-
dent initial conditions.

The same model was used to examine the influence
of Pacific Ocean SST anomalies on 10-, 30- and 60-
day mean forecasts starting from the initial conditions
at 0000 UTC on 15, 16 and 17 December 1982. For
each of these three initial conditions, the model was
first integrated for 60 days with climatological bound-
ary conditions. The. integrations were repeated after
adding the observed SST anomalies over the Pacific
Ocean during 1982-83. We have referred to these two
sets of integrations as the control simulation and the
boundary simulation, respectively.

We have examined the results from two different
points of view:

(a) What is the effect of changing the SST boundary
condition on atmospheric circulation and rainfall? To
address this question we have examined the differences
between the boundary and control simulations.

(b) What is the impact of the observed SST anom-
alies on actual prediction? To address this question we
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F1G. 19. The rms error (meters) and anomaly correlation coefficients (ACC) for Pacific-America
region (58°S-58°N, 60°-180°W) for 300 mb. (a) The rms error for 10-day mean; (b) ACC for
10-day mean; (c) The rms error for 30-day mean; and (d) ACC for 30-day mean. Average of
control integrations is dashed; average of boundary integrations is solid; average of boundary
integrations minus zonally averaged climate drift is heavy solid, and persistence is starred.

compare the model forecasts with the corresponding
observations. However, since the model has a large cli-
mate drift, we first remove a zonally symmetric climate
drift from the model forecast before we compare the
forecast anomalies with the observed anomalies.

It should be noted that (a) represents the classical
sensitivity experiment in which the effects of the initial
conditions are not considered to be of any particular
importance, especially because the sensitivity experi-
ments are carried out by integrating the model for a
long period of time. The differences between the
boundary and control integrations are not generally
considered to be suitable for comparison with the ob-
servations because the dynamical structure of the large-
scale flow from the initial conditions has been sub-
tracted out. For 30-60 day mean forecasts, the initial
conditions remain quite important in determining the
monthly mean as well as in determining the nature of
the response to a given boundary forcing. Therefore,
in order to examine the impact of changes in the
boundary conditions on predictions of time averaged

circulation, it is more appropriate to examine (a) as
well as (b), which contains the combined effects of the
initial conditions and the boundary conditions.

We have examined the boundary forced anomaly
and the forecast anomaly, and compared both with the
corresponding observations. Based on these compari-
sons we can draw the following conclusions:

(i) Use of the observed SST anomalies over the Pa-
cific Ocean produces a spectacular improvement in the
prediction of tropical circulation and rainfall for 30
and 60 day averages. The improvement in prediction
was clearly seen even in the first 10 days.

(ii) The tropical response of the SST anomaly does
not change by changing the initial conditions; it is
strongly forced by the boundary conditions.

(iii) Use of the observed SST anomalies also pro-
duces a clear but small improvement in the prediction
of 30- and 60-day average circulation over the midlat-
itudes. The prediction is further enhanced by removing
the zonally symmetric climate drift of the model. It is
our conjecture that the forecasts could be further im-
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TaBLE 1. The root mean square (rms) error {(meters) and anomaly correlatior; coefficient (ACC) for control integrations (CONT), boundary
anomaly integrations (BOUND), control minus zonal drift (C — ZD), boundary minus zonal drift (B — ZD) and persistence (PERS).

Region CONT BOUND C-2Db B—-2ZD PERS
a. rms
Tropics
20°S-20°N, all long 75 35 41 16 22
Southern Hemisphere
20°-76°S, all long 119 109 71 64 129
Northern Hemisphere
20°-76°N, all long 121 106 81 70 145
Pacific America ,
58°S-58°N, 60°-180°W 103 78 74 50 114
b. ACC
Tropics
20°S-20°N, all long -0.75 0.53 0.21 0.94
Southern Hemisphere
20°~76°S, all long 0.58 0.66 0.31 0.48
Northern Hemisphere -
20°~76°N, all long 0.08 0.31 0.01 0.39
Pacific America :
58°S-58°N, 60°-180°W 0.27 0.65 0.07 0.70

proved by removing a three-dimensional climate drift
which can be defined only from a large number of in-
dependent forecasts.

(iv) Unlike the tropical response, the structure of
the initial conditions plays an important role in deter-
mining the nature of the midlatitude response.

Similarities between anomalies present in the initial
conditions (e.g., Fig. 5b) and the forecast anomalies
for days 1-30 and 31-60 (not shown) have led us to
speculate that at least for this particular case, the effects

of the initial conditions could be important even for
days 31-60.

This speculation is further supported by Table 2, in
which we have shown the average rms and ACC for
the five control cases which comprise the previously
described model climatology. After the first 10 or 20
days, the ACC in these control simulations is essentially
zero, while for the forecast cases, the ACC remains
positive for the most part in all three extratropical re-
gions depicted in Figs. 17-19. While we cannot claim

TABLE 2. The root-mean-square (rms) error (meters) and anomaly correlation coefficient (ACC)
for five control cases used in model climatology.

Days
' Region 1-10 11-20 21-30 31-40 41-50 51-60 1-30 11-40 21-50 31-60
a. rms

Tropics

20°S-20°N, all long 27 47 53 53 55 54 39 48 51 51
Southern Hemisphere

20°-76°S, ail long 87 138 159 185 196 201 113 145 166 180
Northern Hemisphere

20°-76°N, all long 96 165 195 207 181 192 122 156 157 156
Pacific America .

58°S-58°N, 60°-180°W 72 118 143 153 153 153 93 119 128 131

b. ACC

Tropics

20°S-20°N, all long 0.21 0.10 —0.04 0.01 -0.02 -0.01 0.05 —0.03 -0.02 0.02
Southern Hemisphere

20°-76°S, all long 0.36 0.02 0.05 -0.01 0.04 0.0t 0.05 0.02 0.07 0.02
Northern Hemisphere :

20°-76°N, all long 0.57 0.17 —-0.05 —0.06 0.06 -~0.05 0.16 -0.02 -0.02 -0.01
Pacific America .

58°S-58°N, 60°-180°W 0.48 0.11 0.02 -0.02 —0.03 ~0.01 0.15 0.05 0.02 0.00
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that this proves that the initial conditions definitely
influence the 31-60 day forecast in all cases, it certainly
seems to be so in this particular case.

(v) It is possible that the dynamical prediction of
monthly and seasonal averages can be further enhanced
by using global boundary conditions of SST, soil mois-
ture, sea ice and snow cover.

(vi) Although the model used in this study displays
a large climate drift, even a posteriori removal of the
climate drift produces significant improvements in the
forecasts. It is therefore likely that better models with

less climate drift would further improve the 30-60 day"

mean forecasts.
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