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ABSTRACT

A low-order tropical atmospheric model is developed that gives a reasonable account of the tropical precipitation
and circulation anomalies observed during various El Nifio and La Nifia events. The dynamical part of the
model is a linearization about a state of rest with the usual tropical vertical mode retained. The heating is
obtained from latent and nonlatent sources with the former obtained from perturbing a steady-state moisture
equation about climatology and confining the heating to high SST regions. A thorough sensitivity analysis is
undertaken and the model tendency to place major anomalies on the western and northern side of SST anomalies

is examined.

1. Introduction

In the last few years much attention has been focused
on the depiction of the el Nifio/Southern Oscillation
phenomenon by coupled ocean-atmosphere models.
This activity has ranged from simple conceptual models
through to the very complex coupled AGCM/OGCM
Experiments. In the midrange of complexity are the
models of Anderson and McCreary (1985) and that of
Cane and Zebiak (1987). The analysis of these models
has provided some insight into which physical processes
may be important to the coupled system [see Battisti
(1988) for a further study of the latter model].

The atmospheric components of these models are
highly simplified and it remains unclear to what extent
these simplifications affect the results obtained. It is
the intention here to develop a somewhat more realistic
model in order both to understand better the ENSO
atmospheric response and to provide an improved
model for simple coupled experiments.

Central to developing a more realistic tropical at-
mosphere is the treatment of the moisture equation.
A number of simple models with such an equation
have been developed: Davey and Gill (1987) developed
a time-dependent moisture equation forcing a time-
dependent linear one-vertical mode atmosphere. Pre-
cipitation (and hence forcing) occurred in this model
when specific humidity reached saturation at which
point all of the moisture tendency was identified as
precipitation. This model has been further refined by
Budin and Davey (1989) who use a relative humidity
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criterion for deciding when precipitation occurs, and
then use a simple parameterization based on the dif-
ference between the specific humidity and its saturation
value to decide how much of the tendency goes into
precipitation. Weare (1986) also used a moisture
equation but assumed a steady state. This then enables
precipitation to be defined in a straightforward manner.
A complex iterative method was then used to obtain
a steady state with the forced steady-state dynamical
equations. Convergence to this state required that there
be a negative feedback with respect to evaporation (it
decreased as precipitation increased).

The above models attempt to reproduce the com-
plete climatological state. The model of Zebiak (1986),
used in the coupled model previously described, at-
tempted only to produce perturbation quantities about
some predefined climatological state (monthly mean
winds). The model used an ad hoc moisture equation
in which it was assumed that anomalous convergence
developed in response to an evaporative anomaly (both
provided forcing for the linear steady-state dynamical
equations). This latter anomaly was related to sea sur-
face temperature anomalies. The onset of the conver-
gence was dependent on the convergence produced by
the evaporative anomaly exceeding any background
climatological divergence.

A different approach to that outlined above has been
pursued by Neelin and Held in a series of recent pub-
lications (Neelin and Held 1987; Neelin 1988; Neelin
1990). It is argued that low-level convergence for a
particular atmospheric column is given by the quotient
of net moist static energy flux and the moist static sta-
bility of the column. In regions of high surface specific
humidity the denominator is shown to be small while
the opposite is the case for regions of low surface specific
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humidity. The vertical velocity derived from this con-
vergence is used to force a simple model of the bound-
ary layer. Wind stresses are obtained by a consideration
of the vertically integrated vorticity equation (which
involves the boundary layer top vertical velocity) and
a simple parameterization of surface wind stress in
terms of boundary layer transports. A perturbation
version about climatology has been used in coupled
experiments.

The model to be developed here shall be, like the
model of Zebiak (1986) and Neelin (1990), a pertur-
bation about a background state (either climatological
or the initia] conditions for a coupled run). It has a
steady-state full moisture equation which has been
vertically integrated under the assumption that model
variables are separable in this direction. In addition,
the model shall use a moist static energy criterion for
deciding when penetrative convection can take place.
This convection will force a steady-state one-vertical-
mode linear atmosphere. Due to the assumptions to
be made concerning boundary layer relative humidity
and temperature, the moist static energy criterion shall
amount to an SST criterion. In addition to the latent
heating, a nonlatent heating term proportional to SST
anomalies will be utilized. This is intended to simulate
the direct heating effects on the atmosphere of such
anomalies. This term is important to the response ob-
tained and is of the same form as that used by Davey
and Gill (1987).

The model performance will be assessed using actual
SST, wind, and outgoing longwave radiation (OLR)
anomalies (the latter being a proxy for penetrative
convection) from various ENSO and anti-ENSO epi-
sodes. Model sensitivity to the parameterizations
adopted will be explored using the SST anomalies from
the southern winter period of the 1987 ENSO event.

The paper is organized as follows: in section 2 the
model equations will be derived and their physical jus-
tification given. In section 3 the model results will be
compared with observations while section 4 contains
the sensitivity study. A discussion of the parameter-
ization of nonlatent heating may be found in section
5. Finally, conclusions and a summary may be found
in section 6.

2. The model equations

The dynamical component of the atmosphere con-
sists of the B-plane linear two-pressure-level model
considered previously by Kleeman (1989) and its ver-
tical structure is given in Fig. 1. In common with the
steady-state model of Gill (1980), Rayleigh friction
and Newtonian cooling are assumed in the momentum
and thermodynamical equations, respectively. The
Newtonian cooling is assumed to relax the 500 mb
temperature perturbation towards the surface temper-
ature perturbation. This latter modeling of the direct
thermal effects of surface temperature changes is the
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FIG. 1. The vertical deployment of physical variables in the model.

same as that used previously in the literature by Gill
(1985), Gill and Davey (1987), and Budin and Davey
(1989). Its validity will be discussed further in section
5. The equations for the 750 mb quantities are

euy — foy = —P5,
vy + fiy = — @4,
P —RTY/2+c2V-uy=—RQ5/2 (2.1)

where the superscripts refer to the particular level under
consideration; Q is the heating rate (°K s™!) at the
middle level of the model (taken here to be 500 mb)
while R is the universal gas constant. The shallow water
speed ¢ = 59.3 m s™! for equal pressure intervals, and
e is the dissipation rate which has a value of 4 X 107
s~! throughout this paper. The 250 mb quantities here
have the opposite sign since the 500 mb heating does
not force the mode with uniform vertical structure.
These equations are completed by assuming an equa-
torial 8-plane (f = 8y). Note that the linearization is
about a state of rest. Strictly, the linearization should
take place about the basic state under consideration.
This generalization will be omitted at present for the
sake of clarity.

It was found that when the Eq. (2.1) were forced
with observed heating anomalies (as deduced from
outgoing longwave radiation (OLR ) observations) the
Pacific tropical wind anomalies produced were quite
good when compared with observations. This was seen
as sufficient justification for the value of € used and the
zero basic state linearization.

The midtropospheric heating rate Q5 in (2.1) is as-
sumed to be given by a latent heating anomaly @ and
the major novel feature of the current work will be in
the parameterization of this quantity: it has been
known for some time observationally that in the equa-
torial region penetrative precipitation is located pre-
dominantly in areas where the SST is above approxi-
mately 27.5°-28°C (see, for example, Graham and
Barnett 1987; Hirst 1986). This effect shall be incor-
porated into the present model by means of a surface—
air critical moist static energy cutoff for such precipi-
tation. Due to certain simplifying assumptions to be
made later in text this cutoff shall amount to an SST
cutoff, however the former criterion is preferred be-
cause it will allow more physically based generalizations
of the current model.

Il
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Given the above discussion, it is clear that there are
two possible mechanisms for inducing latent heating
anomalies: first, they may be caused by changes in the
moisture and circulation fields and second, there may
be anomalies associated with certain regions attaining
or dropping below the critical moist static energy. To
reflect such changes, the following parameterization of
the latent heating anomaly is adopted:

max(Q,, —Q,), if m(T,+ T4)> m,
o

where Q. is proportional to the change in precipitation
due to changes in circulation and moisture fields, while
Q, is the basic state latent heating field. The quantity
m(T) is the moist static energy of a parcel of air at
temperature 7. The second line of (2.2) represents the
shutting down of penetrative convection when the sur-
face moist static energy drops below its critical value
m.. For the parameterization to be consistent it is re-
quired that the basic state latent heating vanish when
m(T,) < m.. Note that negative latent heating anom-
alies can never be less than minus the basic state latent
heating.

The physical motivation for the moist static energy
threshold is as follows: consider a surface air parcel
lifted without entrainment and condensate loading (the
assumed physical situation for penetrative convection)
to the 700-mb level (the usual limit of trade cumuli).
It can be shown (providing the density effects of water
vapor are ignored) that the buoyancy/nonbuoyancy
of the parcel depends on whether its moist static energy
(MSE) is greater / less than the saturation MSE, m, of
environment air at 700 mb. As 0* generally decreases
above 700 mb and does not regain its 700 mb value
again until high in the troposphere,! it is clear that
surface parcel able to buoyantly penetrate the 700 mb
level will lift to almost the extent of the troposphere.

Parcels of air with surface MSE less than m,, will,
in general, be in regions with inversions below 700 mb
(see Riehl 1979). Given that 8% will usually have a
negative gradient between inversion top and 700 mb,
the surface parcel will have even more difficulty pen-
etrating this region. It is assumed that penetrative con-
vection is not possible in regions with such surface air.
Conversely, in regions with surface air of MSE greater
than mg, it will be assumed that penetrative convection
will be possible. This latter conclusion is not entirely
obvious since such regions may possibly also have in-
versions below 700 mb. It will be assumed, however,
that such surface air is sufficiently energetic either to
eliminate such an inversion through cumulus activity
or have sufficient vertical velocity (either from ascent

otherwise
(2.2)

! See, for example, Lee and Maher (1977) for typical tropical
soundings upon which this statement is based.
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below the inversion or from synoptic incursions) that
it is able 1o penetrate any small remaining buoyantly
unfavorable region.

Examination of temperature climatologies at 700 mb
(Newell 1972; Oort 1983) reveals that in the oceanic
tropical band 10°N-10°S the variations are consid-
erably smaller than surface temperatures. Motivated
by this the assumption is made that m, = my, is con-
stant. Given that as one moves to higher latitudes, the
700 mb temperature declines, one would expect that
the model may unnecessarily shut down penetrative
convection at these latitudes. This point will be further
commented on in section 4.

The relationship between critical MSEs and critical
SSTs comes about when the following assumptions
concerning surface air are made:

T, =SST — 1.5°C

qs = 0.8 (T4). (2.3)

These assumptions are plausible over the tropical
oceans, however, over land areas they are suspect and
some kind of steady-state soil hydrology is probably
required. For reasons of simplicity such parameteriza-
tions are omitted.

A 700 mb temperature of 10.3°C (not atypical of
the equatorial region ) means that the critical SST cor-
responding to the critical MSE is 28°C, which is in
reasonable agreement with observations. Such a cutoff
is adopted for the present model.

Returning to Eq. (2.2), note that the term Qp can
be constructed from observational data in a straight-
forward manner (more detail is presented later). To
obtain @, three assumptions are made: first, the vari-
ables wind, moisture, and precipitation are assumed
to have vertical structures which are independent of
horizontal position (i.e., they are vertically separable).
Second, it is assumed that the surface moisture and
temperature fields are tied to SST via Eq. (2.3). Finally,
the assumption is made that the moisture tendency
term, like its dynamical counterparts, is zero. With
these assumptions the moisture equation may be ver-
tically integrated and solved for the 500 mb precipi-
tation rate. If the basic state is taken to be (i3, g4, T3)
then the perturbation form of this equation may be
written as

(1)
1Py = pace{Wilqaa(Ts + T4)]

(2)

+ Walgaa(Ts + TY) — qan(Ty)1}
(3) (4)
+ L[(Gs + g2)V-us + g4V -
(5) (6)
+ (83 + u3)- Vgl + u3- Vg4l
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with
Qair = Gsar(T4) — qa. (2.4)

The labeling of terms here is for discussion purposes
in section 4. Details of the vertical structure functions
used and the values of /; and I, obtained therefrom
may be found in the Appendix. Note that the bulk
formula for evaporation [terms (1) and (2)] is used
with the surface wind W, having a fixed minimum
value of 4.8 m s™!. This parameterizes short time scale
variability. Obtaining Q. for use in Eq. (2.2) is now
Jjust a straightforward application of the diabatic heating
formula:

QIL‘ = LvPIZ/Cpp2- (25)

The basic state latent heating Q, is obtained as fol-
lows: Arkins’ formula (K. Puri, private communica-
tion ) relating precipitation to OLR,

P = max[0., 0.175 (280-OLR)] mm day~' (2.6)

(OLR is measured in W m ™2), is used to construct a
monthly mean tropical (30°N-30°S) rainfall clima-
tology from a 1974-1986 OLR dataset (NOAA-9 sat-
ellite data). The estimate of tropical rainfall by Eq.
(2.6) is naturally subject to uncertainties given the
crudeness of the algorithm used to calculate it. Some
indication of the accuracy and limitations of such
methods may be found in Arkin and Meisner (1987).
It is also not clear from such data which proportion of
the precipitation is penetrative and which is due to
trade cumuli. Evidently, to obtain such detail requires
more sophisticated techniques. In the absence of long
datasets incorporating such distinctions the following
approach has been adopted:

5 [0.813, it m(Ty) > me

(2.7)

? 0, otherwise.

The quantity 9, is now obtained using the assumed
vertical structure function for P and the diabatic heating
formula.

The solution of the model is calculated using an it-
erative technique similar in concept to that used by
Webster (1981). Specifically, the following method is
used: the mean quantities 7 and u3 are calculated using
the Reynolds SST climatology and the 1980-86
ECMWF 850-mb wind climatology (monthly mean
values are used). Equation (2.3) is then used to cal-
culate g,. It was found necessary to calculate the mean
divergence field separately because the field obtained
from the ECMWF analysis was too noisy. It is calcu-
lated from the tropical precipitation climatology pre-
viously constructed and the basic state version of (2.4)
with appropriate mean quantities inserted.

The SST anomalies used to force the model are the
NMC/CAC anomalies. These are used in conjunction
with (2.3) to calculate T and ¢/. All of the terms on
the right-hand side of Eq. (2.4) are then calculated
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with uj, the anomalous circulation, set to zero. The
shallow-water set of equations is then solved with the
corresponding forcing. The u% obtained is then used
to recalculate the right-hand side terms and hence a
new forcing for the shallow-water set is obtained. This
process is iterated until a steady state is obtained. After
each iteration a simple 5-point filter of the form

P:nn=Pmn+[Pr;1n+l +Pm+1n
+ Pm—ln + Pmn—l - 4Pmn]/8 (28)

is applied to the precipitation field. This is intended to
crudely parameterize mesoscale convective system
movement. The filter has the effect of smoothing the
ultimate precipitation field and has only a minor effect
on the large-scale wind field obtained.

3. Model results

In the first set of results to be described, the model
was forced with three monthly meaned SST anomalies
from the 1982/83 ENSO event, the 1987 event, and
finally the 1975 anti-ENSO event. The value of “SST”
anomalies over land areas was taken to be zero while
the mean SST over land was set at the interpolated
value used in the Reynolds NMC/CAC SST clima-
tology.

The model resuits from February, March, and April
1983 can be seen in Fig. 2. For comparison, the FSU
surface wind anomalies and the OLR anomalies [ con-
verted to precipitation using (2.6 )] for the same period
are also displayed. As can be seen, the model does a
good job in delineating the major areas of enhanced
and suppressed convection. Some deficiencies of detail
are apparent: the suppression of convection in the
western Pacific is somewhat too weak in the model,
and the positions of the peak positive precipitation
anomalies in both the Pacific and Indian oceans are
displayed somewhat from where observations place
them. The modeled wind field is in quite reasonable
agreement with observations albeit somewhat too weak.
Strong equatorial westerly anomalies with a southerly
component extend from the dateline to around 125°W,
easterly anomalies are apparent in the Indonesian re-
gion, and in the mid-South Pacific (20°S, 140°W) in
both model and observations. One difference in the
wind fields occurs in the far eastern Pacific where ob-
servations suggest that no anomalies are present while
the model has easterlies to about 90°W (on the equa-
tor). A similar deficiency was noted in the model of
Zebiak (1986), although the ‘‘spurious” easterly
anomalies here are much less pronounced. With regard
to the SST cutoff of convection employed in the model,
it is interesting to note that in the general area marked
by a cross in Fig. 2, SST anomalies are quite large (1°~
2°C) and yet in both model and observations there is
no anomalous penetrative convection. The avoidance
of this area by both model and observational precipi-
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FIG. 2. The modeled and observed precipitation and wind fields
for February-April 1983 together with the NMC/CAC SST anomaly
analysis for the period. The contour interval for the precipitation
fields is 2 mm day ™! while for the temperature field it is 0.5°C. (a)
The modeled precipitation and wind anomalies (adjusted to the 1000-
mb level), (b) the observed anomalies (FSU surface winds), and (c)
SST anomalies.

tation is very similar in geographical form. This point
will be discussed further in the next section.

In Fig. 3 the analogous results from June, July, and
August 1987 are shown. As can be seen, the model
response for the Pacific in precipitation is in reasonable
agreeement with observations; a strong positive anom-
aly in precipitation is evident just west of the dateline
in both model and observations, this anomaly extends
eastward in the vicinity of the ITCZ in both fields, the
negative precipitation anomalies to the south and north
of the equator are reasonably represented in the model,
although the northern anomaly extends further south
in the model than observations, and associated with
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this the westward extension of the dateline positive
precipitation anomaly is absent in the model. In the
Indian Ocean region, the model appears to be reacting
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F1G. 3. Similar to Fig. 2 except for the months June-August 1987.
The precipitation contour here is reduced to 2 mm day . (a) The
modeled anomalies, (b) the observed precipitation anomaly, (c) the
SST anomaly, and (d) the NMC 850-mb anomalies.



8 JOURNAL OF THE ATMOSPHERIC SCIENCES

too strongly south of India. The NMC analyzed 850-
mb wind anomalies are also included in Fig. 3d, as
there are significant qualitative differences between
these and the FSU surface analysis displayed in Fig.
3b; thus, for example, the strong equatorial westerly
wind anomalies seen around the dateline in the NMC
analysis are very weak in the FSU analysis. Also, the
strong northerly anomalies seen in the FSU analysis
in the vicinity of 5°N, 140°W have no counterpart in
the NMC analysis. Whether such differences are due
to genuine differences in the 850-mb and surface con-
ditions at the time is unclear, certainly if they are, they
are beyond the scope of the current model. Much better
agreement is obtained when the model results are
compared to the NMC analysis. Note that the model
winds in 3a are for the surface. At 850 mb the winds
are simply scaled up so the maximum wind vector is
6 m s~!. The model and observations show general
agreement in the Pacific with near dateline westerlies,
SPCZ easterlies, an anticyclonic anomaly centered at
around 20°N, 160°E, and easterly anomalies in the
Indonesian region and also further east in the ITCZ of
the eastern Pacific. Some deficiencies of detail are ap-
parent with the SPCZ anomalies being underestimated
in the model. This particular point will be discussed
further in section 4. Again, it is worth pointing out that
both model and observations avoid placing significant
positive precipitation anomalies over some very sub-
stantial positive SST anomalies in the eastern Pacific.
This point is analyzed in detail in the next section.

Figure 4 shows the same quantities for the southern
spring of 1975. Considering, first, the precipitation field,
it is seen that the longitudinal placement of anomalies
is quite good with negative anomalies being centered
around 170°E in both model and observations, positive
anomalies in the Indonesian region in both, and neg-
ative anomalies in the Indian Ocean equatorial region,
although the model response here was overdone com-
pared to observations. The deficiencies in agreement,
apart from this, were the northward extension of
anomalies in the model in the western Pacific, partic-
ularly the positive anomalies east of the Philippines. It
is interesting to note that again there are substantial
SST anomalies in the central and eastern Pacific which
are causing very little precipitation response in model
and observations. Turning to the wind anomalies one
sees that there is substantial agreement in the position-
ing and strength of the major equatorial Pacific anom-
alies; easterly anomalies (strengthened trades) are ap-
parent from the dateline to the Indonesian region in
both model and observations. The modeled westerly
anomalies in the far eastern Pacific are not as strongly
apparent in the observations, although there is some
indication of them. No doubt the presence of the Andes
here complicates matters.

The second set of experiments involved forcing the
model with SST anomalies (a 3-month running mean
was used) from three, 12-month periods: January-De-
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FiG. 4. Similar to Fig. 2 except for the months September-No-
vember 1975. The precipitation contour here is 2 mm day™'. (a)
The modeled anomalies, (b) the observed precipitation and wind
anomalies, and (c¢) the SST anomaly field.

cember 1975; June 1982-May 1983; and January-De-
cember 1987. Thus, a strong and a moderate warm
event, together with a moderate cold event, were an-
alyzed. The data collected were the S°N-5°S averages
of precipitation and zonal wind. The Hovmoller dia-
grams of modeled and observed quantities may be seen
in Figs. 5-7. The verifying winds are the FSU product.

Focusing first on the 1975 cold event, reasonable
general agreement is seen between observations and
model results in both fields; thus, there is suppressed
convection near the dateline for most of the year in
both model and observations, enhanced convection in
the region of 130°E in both, and suppressed convection
in the Indian Ocean around 85°E. The model appears
to be estimating the dateline and 130°E anomalies rea-
sonably well but overestimating the Indian Ocean
suppression. Both model and observations agree on
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the general strengthening of anomalies towards the end
of the year. With respect to the wind anomalies, in
both observations and model there are easterly anom-
alies in the western Pacific region. Towards the end of
the year, the observed anomalies are greatest near the
dateline, whereas the model tends to place the largest
anomalies further to the west around 160°E. Note, also,
that both model and observations tend to have weak
westerly anomalies in the eastern Pacific with this effect
becoming more pronounced towards the end of the
year.

Similar Hovmoller diagrams for 1982/83 can be
seen in Fig. 6. For this period there appears to be good
agreement between the modeled and observed winds,
although the modeled westerly anomalies appear to be
slightly weaker than observations. Both the model and
observations place the strongest westerly anomalies in
the southern summer and the easterly progression of
the anomalies appears to be quite well modeled. There
is somewhat of a discrepancy at the end of the time
period where observations suggest more of a weakening
of the westerly anomalies than does the model.

The precipitation anomalies do not appear to show
quite the same degree of agreement with the modeled
anomalies being generally weaker than observations.
The modeled response also appears to be somewhat
noisier. Qualitatively, however, the model and obser-
vation anomalies show reasonable agreement; easterly
progression of both positive and negative anomalies
are well estimated and thé spreading of large positive

anomalies across to 90°W occurs around the same
time. The position and strength of Indian Ocean
anomalies seem in reasonable agreement, also.

The final period considered was the moderate ENSO
of 1987. The Hovmoller diagrams appropriate to this
period may be seen in Fig. 7. In comparing modeled
and observed precipitation it is seen that there is rea-
sonable agreement with regard to the longitudinal
placement of anomalies; there is virtually no eastward
progression of anomalies as observed and modeled for
the 1982/83 ENSO. In both model and observations
there is some indication of an eastern Pacific response
during the early months. The main discrepancy be-
tween model and observations is in the temporal evo-
lution of the event with near dateline positive anomalies
being strongest at the beginning of 1987 in the obser-
vations and at the end of that year in model results. In
this regard it is interesting to note that the unsmoothed
monthly OLR anomalies reveal that at the beginning
of the year there were quite intense oscillations between
positive and negative values from month to month in
the Indonesian to dateline region. This transient activ-
ity (presumably evidence of the 30-60-day oscillation )
in the real atmosphere may have been significant in
influencing the longer time scale response and causing
it to differ from the present steady-state model. The
above comments concerning the precipitation field are
broadly the same for the wind field. The longitudinal
placement of anomalies in the model is in general
agreement with observations with perhaps the model
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easterlies in the eastern Pacific being displaced too far
cast. The temporal evolution of the westerly anomalies
showed the same pattern of discrepancy previously
noted with regard to the precipitation field; peaking
early in the observations and late in the model (there
is, however, some indication of a late peak in the ob-
servations, also). On the other hand, the easterly
anomalies in the western Pacific seemed in reasonable
temporal agreement with the modeled wind being per-
haps too strong. The modeled easterlies in the east were
also a little strong.

4. Model sensitivity experiments

In the first set of experiments to be described, the
terms contributing to the anomalous precipitation in
areas with above the critical SST [see Eq. (2.4)] were

3on
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examined for their effect on the final penetrative pre-
cipitation anomaly. Their effect was assessed by forcing
the model with the southern winter 1987 SST anomaly
and successively switching off the various terms (there
are six of them in all). The differences this made to
the ultimate precipitation field obtained can be seen
in Fig. 8 (a negative value implies that switching off
the term resulted in decreased precipitation and vice
versa). Only the Pacific basin was considered in the
sensitivity experiments to follow.

The most significant response obtained was when
term (3) was switched off when a large amount of the
precipitation response disappeared. This term is anal-
ogous to the convergence feedback term used by Zebiak
(1986). It differs from that used by this author in that
the anomalous divergence in Zebiak’s model was mul-
tiplied by a constant parameter 8, whereas, here, the
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multiplying factor involves g4 + ¢%, which because of
the dependence of g4 on the SST, varies horizontally.
Thus, one would expect the “moisture convergence
feedback” in the present model to operate more effi-
ciently in regions with higher SST. This particular point
is examined further.

Of the other terms considered, term ( 5) was perhaps
the strongest. It acted to strengthen the western side of
the dateline precipitation anomaly and weaken some-
what the eastern side. This effect was canceled to some
extent by the other moisture advection term (6), al-
though the net effect of these terms (not shown) was
to strengthen the anomaly by about 1.0-1.5 mm day .
1t is worth noting that when a similar study to the pres-
ent one was conducted with the February—April 1983
anomaly, term (5) was similarly important to the main
positive anomaly obtained and there was then less can-
cellation by term (6).

The effect of the evaporation terms (1) and (2) is
of some interest given the emphasis placed in the lit-
erature on the connection between evaporation and
SST anomalies.

It is clear that only term (2) is important to the
positive anomaly, but it is responsible for at most 2.0
mm day ~! of the total response. Note that the evapo-
ration anomaly by itselfis probably responsible for only
a fraction of the 2.0 mm day ' since this figure rep-
resents the effects of the moisture convergence feedback
as well. The above weak response was also noted in
the 1983 experiments previously mentioned.

Examination of term (2) in Eq. (2.4) reveals that it
is the change in gg¢, the difference between surface air
specific humidity and saturated SST specific humidity,
that causes the evaporation effect previously described.
It may be that the current model underestimates this
change by making the assumptions contained in Eq.
(2.3). To examine this possibility, anomalies in ggg
were constructed using the COADS data for specific
humidity (together with the SST climatology and
anomaly analysis used previously); a climatology of
qaig for the period 1950-1979 was constructed and then
anomalies were computed for the February-April pe-
riod of 1983. A comparison with the values of anom-
alous gg;f predicted by Eq. (2.3) revealed that the ob-
servations were approximately 50% larger in some of
the regions of high SST and precipitation anomaly.
However, even with Agy;r values artificially inflated in
the model by 50%, the evaporation was unable to ac-
count for any more than about 40% of the total re-
sponse obtained.

The other evaporation term (1) acts to suppress
convection in the equatorial area around 140°W. This
effect is presumably due to the reduction in the trades
caused by westerly anomalies in the area; the trades
are sufficiently strong here that a reduction will register
as a reduction in evaporation which has a minimum
built in wind speed of 4.8 m s~!.

It is worth pointing out that evaporation changes
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affect the model response indirectly in that when the
SST changes, the specific humidity field changes also
because of Egs. (2.3). Evaporation is clearly the phys-
ical mechanism by which this change in the humidity
field takes place. It is the change in the steady-state
rate of evaporation, however, that is being estimated
by terms(1)and (2)in Eq. (2.4). This particular point
will need to be kept in mind when the current model
is used in coupling experiments.

The final term considered (4), was of smaller im-
portance to the response than the other terms consid-
ered.

In the second set of sensitivity experiments con-
ducted, the other factors affecting the final response
were examined. First, the nonlatent heating term
ONL = eRT}/2. in Eq. (2.1) was switched off and the
differences this made to the precipitation and wind
fields computed. The results can be seen in Fig. 9a. It
is apparent that there is a substantial shutdown of the
response; the main positive precipitation anomaly just
west of the dateline has been reduced by perhaps 70%.
There is also some removal of the negative precipitation
anomaly in the western Pacific, although the effect here
is substantially less pronounced. The wind field differ-
ence looks qualitatively similar (with sign reversed) to
the original field (displayed for reference in Fig. 9b)
but with magnitude in the central Pacific reduced by
around 30%. Thus, about 70% of the wind field appears
to result from the presence of Q. Of course one
should not conclude that Q. directly causes such a
response in the wind field since moist convergence
feedback processes are clearly important in the current
model. To illustrate this point clearly, the wind field
directly resulting from Qi is shown in Fig. 9¢ [i.e.,
Eq. (2.1) forced only by Qni]. As can be seen, the
direct wind response is substantially less with westerly
anomalies produced being around 20% of the full re-
sponse.

In the next experiment, the effect of the penetrative
convection shutdown mechanism was examined. This
is the negative precipitation anomaly that results from
the SST dropping below the critical value for penetra-
tive convection [the second line of Eq. (2.2)]. To ex-
amine this, the negative precipitation value inserted in
the model when the SST was reduced below this critical
value was artificially set to zero and the difference which
this made to the precipitation and wind fields com-
puted. The results can be seen in Fig. 9d where it is
immediately apparent that the greatest effect is in the
western Pacific where a large amount of the negative
precipitation anomaly is removed. The effect on the
wind field is to substantially reduce the easterly wind
anomalies in the Indonesian region and to reduce the
anticyclonic circulation at 20°N, 160°E. The effect on
the equatorial westerly anomalies in the central Pacific
is far less pronounced with some slight diminution
being apparent. A possible explanation for this latter
result is that the negative precipitation anomalies in
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the western Pacific are primarily off-equatorial and
hence are less efficient in forcing Kelvin modes in the
model. It is these modes that would presumably be
responsible for causing any response in the equatorial
central Pacific.

The third experiment conducted involved the critical
SST for penetrative convection. This was reduced to a
value such that the entire tropical domain was able to
support penetrative convection. The difference that this
made to the precipitation and wind field can be seen
in Fig. 9e. As shown, there is a substantial effect in the
region of the SPCZ where the previous area of suppres-
sion (cf. Fig. 9b) has been shifted towards the southeast
and overall it appears that the suppression effect has
been strengthened. Associated with this effect there has
been a strengthening in the southeast to easterly flow
in the region of the SPCZ. This strengthening is more
in accord with observations (cf. Fig. 3) and suggests
that if the critical SST were to drop as latitude in-
creased, better agreement with observations might re-

308

F1G. 9. Sensitivity maps. (a) Shows the effect on precipitation and
wind fields of switching off the nonlatent heating field; the contour
interval is | mm day~'. (b) The original field with contour interval
2 mm day !, (¢) the direct effect of the nonlatent heating term; the
nonlatent heating has been converted to mm day ™' with 0.5 as the
contour interval, (d) the effect of leaving out the latent heating shut-
down term (see the text); the contour interval here is 1 mm day ™!,
(e) the effect of setting the critical temperature for penetrative con-
vection to a very low value. The contour interval here is | mm day ™.

sult. A similar improvement in higher latitudes was
noted when the same experiment was conducted on
the 1983 case.

In the equatorial eastern Pacific there has been an
increase in precipitation particularly south of the
equator. At the same time, quite weak westerly anom-
alies have extended to the east. Both of these changes
run counter to the observational evidence (although
clearly the changes in wind are very marginal). A sim-
ilar deterioration was noted in the 1983 case (not
shown). A similar experiment in which the SST cutoff
was increased to 28.7°C was also carried out for the-
1987 case. In this case a slight improvement in the
precipitation field was observed in the equatorial region
around 135°W. This suggests that the value chosen for
the SST cutoff (at least in 1987) may be slightly too
low in the equatorial region.

Despite the small deterioration in agreement due to
the removal of the SST cutoff, the positive anomalous
precipitation response is still strongly concentrated in



14 JOURNAL OF THE ATMOSPHERIC SCIENCES

the region 180°-~145°W and in the region of the ITCZ
(notice there is little change in these regions when the
critical SST is eliminated ). This is somewhat surprising
given that the greatest SST anomalies are centered on
the equator around 130°W (cf. Fig. 9¢). In the final
two experiments this feature of the response without
SST cutoff was explored.

A possibility for the western and northern concen-
tration of the response is the fact that the moisture
convergence feedback parameter is higher toward the
west since the total SST in this region is higher and so
therefore is g, + g4. To test this, the dependence of
this parameter on total SST was eliminated with g,
+ ¢} set equal to 16 g kg™ (an equivalent SST of
~26°C) everywhere. The resulting ficlds and their dif-
ferences from the varying parameter case can be seen
in Fig. 10. As can be seen from the difference fields,
there is a significant reduction in the western response
with the dateline wind anomalies reduced by perhaps
25% and the precipitation just to the west of this re-
duced by up to 40%. An inspection of the total precip-
itation field shows that there are still significant depar-
tures in the response from the SST anomaly field; the
positive precipitation anomalies are still concentrated
on the west and north side of the SST anomalies.

A second possibility for the deviation of the precip-
itation response from the SST anomaly field is that the
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F1G. 10. This shows the effect of a very low critical temperature
for penetrative convection combined with a constant coefficient for
the anomalous divergence term in the perturbation moisture equation
(see the text). (a) The actual field while (b) represents the difference
between this and Fig. 9¢. The contour interval is | mm day ™.
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FiG. 11. The same as Fig. 10 except that now all terms but the
anomalous divergence term in the perturbation moisture equation
have been suppressed (see text). (a) The actual field, (b) the difference
from Fig. Se. The contour interval is | mm day ',

other terms in the perturbation moisture Eq. (2.4) may
be biasing the response. To test this, the fixed feedback
parameter experiment above was modified by elimi-
nating all terms in the perturbation moisture Eq. (2.4)
except the moisture convergence due to anomalous
flow [term (3)]. The resulting fields and their differ-
ences from the original no SST cutoff experiment ( Fig.
9e) are displayed in Fig. 11. Comparing the precipi-
tation field with the SST anomalies in Fig. 9¢c now re-
veals a high degree of agreement. The difference fields
indicate that the western and northern responses are
significantly more suppressed than in the previous ex-
periment. This result is perhaps not surprising given
the small but significant sensitivity of the model to the
various terms in the moisture equation discussed at
the beginning of this section; the advection term (5)
is particularly active in the western part of the model
response. It is perhaps worth pointing out that if the
response were to move out over the peak of the SST
anomalies and thereby reduce the westerly anomalies
around the dateline there would be less cancellation
by the other advection term (6) since it depends on
the wind anomaly while (5) does not. Physically the
reason for the activity of the advection terms on the
western side of the SST anomaly is because advection
is a significant moisture sink in the central Pacific
trades. When an SST anomaly is introduced, which
peaks in the eastern Pacific, the gradient of moisture



1 JANUARY 1991

(which is responsible for the advection term ) is reduced
on the western side of the anomaly and thus the mois-
ture sink is reduced in this region, also. Hence, the
effect on anomalous precipitation.

5. The direct thermal forcing

Perhaps the crudest physical parameterization
adopted in the current model is that of the direct ther-
mal forcing [the term —e¢(RT;/2) in Eq. (2.1)]. Al-
though, as was pointed out in section 2, this parame-
terization has been widely used in the literature, little
discussion of its physical basis has been given. The
physical processes represented by it are undoubtedly
complex involving such things as radiation, convective
lapse adjustment, and sensible heat transfers. This sec-
tion considers only why the current crude parameter-
ization produces effects that are similar to ones stem-
ming from a somewhat more realistic treatment.

A more complex parameterization is based on the
following two premises:

1) The upward sensible heat flux is reduced to a
small fraction of its surface level value at the limit of
shallow convective activity (approximately 700 mb).
Within this layer there is reasonably rapid mixing.

2) The radiative equilibrium relaxation time scale
is around ten times the Newtonian cooling time scale
assumed in section 2. This is based on the calculations
of Schneider and Lindzen (1977).

A simple calculation based on these assumptions
leads one to the conclusion that the direct thermal
heating is at a lower level than that implied by the
current parameterization. In order to model this, a fur-
ther low-level layer is inserted into the dynamical model
described in section 3. The low-level geopotential and
velocities are now calculated at 675 and 925 mb and
the vertical velocity and temperature at 850 mb. Con-
sistent with the above two assumptions, it is assumed
that the temperature equations are as follows:

waSs = psCu| WI(Ts = 04)/ Zmbpm  (5.1)
el + w8, = 0.1eT (5.2)

where the subscripts 2, 4, and 6 refer to 500, 850, and
1000 mb, respectively; cy, | W/, p,» and z,, are the
sensible heat exchange coefficient, scalar wind, mean
mixed layer density, and mixed layer depth, respec-
tively. The quantity S represents the mean potential
temperature gradient at the relevant level. The follow-
ing results are sensitive to this parameter in the lower
layer. A value S; = 2.5 X 107* °K Pa~! was used which
is not unreasonable for the trade wind regime (see Rieht
1979, p. 231). The quantity S, was set at the value
used previously in section 2 (6.25 X 1074 °K Pa™!).
Note that we are assuming rapid Newtonian cooling
to zero in Eq. (5.2). The results of this section are
insensitive to this cooling parameter. The following
numerical values were assumed for the other param-
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eters in the above model: ¢;; = 1.2 X 1073; |W| = 5.5
ms™';p,, = 0.85p,; and z,, = 3 X 10> m.

With the above choice of parameters and upon as-
suming that the momentum equations at each level
are the same as those used in (2.1), a vertical mode
decomposition was carried out (see Kleeman 1989)
and it was found that the two modes considered in
section 2 reappeared with approximately the same
structure; the physically important mode, which is re-
tained in section 2, had a slightly reduced shallow-water
speed and slightly different vertical structure. A third
mode also appeared and this had a shallow-water speed
of around 17.9 m s™! with a vertical structure (0.023,
—0.421, 0.907) where the notation means the projec-
tion of the mode onto velocities (or geopotentials) at
the levels 250, 625, and 925 mb, respectively. As can
be seen, this mode represents a shallow circulation.

The different vertical structure for this new mode
has implications for the moisture convergence it in-
duces. Assuming that the vertical profile discussed
above applies to the entire layer in which the level is
located (as assumed by the mass continuity equation)
and that the humidity profile given in the Appendix
applies, the value of I, in Eq. (2.4) is reduced from
223.25t0 583 mbg™".

When the vertical modes previously discussed were
forced with the source functions on the right-hand side
of (5.1) and (5.2), it was found that the usual deep
mode is forced at around one-seventh the rate assumed
in section 2. On the other hand, the third mode is quite
strongly stimulated and the circulation below 500 mb
is dominated by its effects.

In order to examine the implications of this circu-
lation, the forcing implied by the SST anomalies of
June-August 1987 was applied to the third mode and
the resulting 925-mb circulation together with the pen-
etrative precipitation changes resulting directly (i.e.,
before latent heat feedback ) from this circulation were
calculated and can be seen in Fig. 12a. The analogous
quantities for the original parameterization ( 1000-mb
circulation) are displayed in Fig. 12b. As can be seen,
in the region of greatest positive precipitation anomaly
(on the equator just west of the dateline) the two pa-
rameterizations produce broadly similar anomalies.
Some differences can be seen in the off-equatorial re-
gions with the more sophisticated parameterization
tending to be less active particularly in the ITCZ and
SPCZ. The difference in negative anomalies in the
SPCZ is not greatly significant because in the model
developed in section 2 the negative anomalies that re-
sult after feedback are primarily caused due to the
suppression of convection caused by the SST dropping
below the critical value for convection (cf. Fig. 9d).

As far as the circulation implications are concerned,
it can be seen that the surface winds are somewhat
strengthened. This effect amounts to around 1 m s™*
in the peak of westerly anomalies. In addition, the cir-
culation is less zonal than previously and there is also
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FIG. 12. The low-level circulation and direct penetrative precipi-
tation implications of the direct thermal parameterization (5.1) and
(5.2) (Fig. 12a) and the original parameterization of (2.1) (Fig. 12b).
The circulation in 12(a) is at 925 mb while that in 12(b) is at 1000
mb.

some strengthening in the circulation in the ITCZ and
SPCZ. :

As mentioned previously, the aforementioned results
show some sensitivity to the value chosen for S,. Vary-
ing this parameter from 2.0 X 107 t0 3.0 X 107* re-
sulted in a change in precipitation of around 60% in
the dateline area while the surface winds changed by
around 25%. This sensitivity suggests that to further
improve the parameterization of (5.1) and (5.2), better
resolution is required in the mixed layer since the mean
vertical potential temperature gradient varies quite sig-
nificantly there. In addition, improvements could be
made in the momentum equations with the incorpo-
ration of wind stress and mixing effects. Such a model
is currently under development.

Despite these limitations, the aforementioned model
results encourage one in the belief that the crude phys-
ical parameterization of thermal effects adopted in Eq.
(2.1) is roughly correct in its implications for penetra-
tive precipitation.

It is of some interest to compare the model of (5.1)
and (5.2) with that of Lindzen and Nigam (1987).
The model developed in this section differs in two re-
spects: First, vertical temperature advection is assumed
to be an important thermodynamical process in the
low layers of the atmosphere while it is not in the model
of Lindzen and Nigam. Second, the current model
simulates the entire atmosphere while the Lindzen and
Nigam model is of the low-level trade wind layer.

6. Summary and discussion

A simple model has been developed that gives a rea-
sonable account of the tropical wind and precipitation
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anomalies which result from tropical sea surface tem-
perature anomalies. The model has been tested using
actual SST anomalies from various phases of ENSO
and appears to be quite robust in its agreement with
observations.

The model consists of a linear one vertical mode
steady-state dynamical component which is forced by
two types of heating anomalies: a nonlatent heating
part which is a modeling of the direct thermal affect
of the SST anomaly on the atmosphere, and a latent
heating component which is assumed to result from
changes in deep convective precipitation. In the model,
this latter kind of precipitation is only allowed when
the total SST is above a critical value (28°C). Outside
such high SST areas precipitation is assumed to be dy-
namically inactive.

Precipitation changes can result from changes in the
circulation and specific humidity fields, in which case
they are calculated from the vertically integrated steady-
state moisture equation. In addition they can result
from the SST dropping below its critical value. The
basic state precipitation is then used to calculate the
resulting anomaly.

In the sensitivity experiments conducted on the
model, it was found that while the nonlatent heating
contributes only about 20% of the total response, its
removal results in the total response being reduced by
about 70%. Given its importance to the total response,
a high priority for future improvement of the model
is a more sophisticated parameterization than (2.1)
including some form of simple boundary layer. Of
some interest is the fact that unlike the model of Zebiak
(1986), evaporative changes appear to be of minor im-
portance in determining the total response of this
model.

In comparing the model precipitation response with
its forcing SST anomalies for the southern winter of
1987, it was observed that there were significant dif-
ferences in the location of the two fields with the model
deep convection being located mainly to the west and
to a lesser extent the north of major SST anomalies.
There were, in fact, large SST anomalies around 130°W
on the equator which caused no local response in the
deep convection. This “relocation” of the response was
in good agreement with observations. Three factors in
the model were found responsible for this characteristic:
The 28°C cutoff in deep convection was the immediate
cause with a large amount of the 130°W centered
anomaly, not being sufficient to allow a response.
However, even without this cutoff in the model, the
response was still concentrated to the west and north
(although somewhat less so). This could be traced, first,
to the variability in the coefficient for anomalous di-
vergence in the perturbation moisture equation (the
so-called moisture convergence feedback parameter of
Zebiak 1986), which was larger to the west and north;
and second, to the other terms in this moisture equation
which tended to be more active in regions to the north
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and west (particularly the advection of moisture on
the anomalous specific humidity gradient). The mech-
anism involving the variability of the feedback coefhi-
cient is very similar to that proposed by Neelin and

Held (1987) for positioning convection over high SST-

regions; the feedback parameter [cf. Eq. (A.3)] is sim-
ply the quotient of the low-level moist static energy
and a quantity proportional to the mean difference in
dry static .energy between the lower and upper levels
of the atmosphere [see Kleeman (1989) for the rela-
tionship between ¢? and this latter quantity].

Thus, in comparison with the previous perturbation
models of Zebiak (1986) and Neelin (1990) the fol-
lowing differences may be noted: the Zebiak model
contains none of the previous three mechanisms for
relocating the atmospheric response to regions of high
mean SST. It relies instead on a varying anomalous
evaporation, which is higher for a given SST anomaly
in high mean SST regions and in restricting feedback
to regions where the anomalous convergence exceeds
any mean divergence. The Neelin model contains a
mechanism very similar to the varying feedback de-
scribed above but does not contain the other two
mechanisms.

The previous discussion suggests that the current
model may be of assistance in improving the response
of coupled models such as those of Cane and Zebiak
(1987) and Schopf and Saurez (1988). Both models
have the atmosphere, in general, responding too far to
the east. Given the large changes in the thermodynam-
ical properties of the equatorial Pacific Ocean as one
moves from the central to the east Pacific (the ther-
mocline shoals considerably) the correct positioning
of the atmospheric response may be of some impor-
tance in coupled experiments.

An intercomparison between the current models’
behavior and that of Zebiak was carried out for June—
August 1987 and September-November 1975. The
output for Zebiaks’ model forced with the appropriate
CAC anomalies may be found in Fig. 13. The absolute
value of the precipitation anomalies depicted should
be ignored as the Zebiak model has a different vertical
structure to the current model. Concentrating first on
the 1987 case, two major differences are apparent be-
tween the two models (cf. Fig. 3a): in the Zebiak model,
the positive precipitation anomalies are far more dom-
inant than the negative anomalies. Second, the Zebiak
model produces extensive easterly wind anomalies in
the eastern Pacific which are of the same magnitude
as the westerly anomalies near the dateline. This is not
the case in the current model and appears to have little
support in the observations.

In the 1975 case there are also significant differences
between the two models (cf. Fig. 4a): relative to the
positive precipitation anomalies of 1987, the negative
anomalies of 1975 are far weaker, unlike the current
model where the magnitude of the two anomalies are
comparable. Consistent with this, the Zebiak model
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(a) ZEBIAK MODEL OUTPUT 1987.

<1

T
] - -
-

15s

308

30N

15N

.....

BEQ I

MBLED S B S 4

158

30s 180

MAXIMUM VECTOR 3.3 m/s._,

FiG. 13. The Zebiak model precipitation and surface wind anom-
alies for June-August 1987 (Fig. 13a) and September-November
1975 (Fig. 13b). The absolute value of the precipitation should be
ignored as it refers to the current models’ vertical structure.

produces easterly wind anomalies at least a factor of
two weaker in the western Pacific than the current
model and observations. The northwesterly anomalies
in the SPCZ appear stronger than these easterlies in
the Zebiak model. This is not the case in the current
model or the observations.

A number of improvements to the model described
here are under consideration. First, as was detailed in
section 5, a better modeling of the lower layers of the
atmosphere would allow a more realistic treatment of
the direct thermal effects of SST anomalies. It would
also allow the inclusion of Ekman layer effects which
may be of importance to the moisture equation. Sec-
ond, the fixed SST cutoff adopted in the model could
be made meridionally dependent. Physical arguments
given in section 2 and observational evidence given in
section 4 both suggest that this would lead to better
model performance. Finally, a dynamical linearization
about the actual climatological state rather than an at
rest state would appear to be an obvious step. There
may be significant effects in this regard in the Indian
monsoon regime where the Somali jet and associated
features could be expected to have some impact. In
this regard it is perhaps worth noting that the present
model performed least well in that region. In connec-
tion with this, Webster (1981) has demonstrated that
in certain circumstances the horizontal advection terms
in the thermodynamical equation become significant.
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APPENDIX
Vertical Structure Functions

The vertical dependencies of the variables used in
section 2 are as follows:

p(p) exp[(p — 1000)/p,], p > 200 mb
q(p) = )
0, otherwise
V2 cos[x(1000 — p)/1000], p < 910 mb
V2 c0s(0.097) In[(1001 — p)/ps]

u =
) X (In{(1001 — 910)/p,])"",
otherwise p; = 2.35 X 10™* mb
sin[«(1000 — p)/800], if p> 200 mb
P(p) = .
0, otherwise

o(p) = [100p/RT(p)]{RT(1000)/100 000]

2/7
p -2
=|— + 625 X1 1000 — .
T(p) (1000) ‘[300 6.25 07( p)]

(A.1)

Note that pressure is measured in millibars and that
to calculate T(p) a constant d6/dp is assumed. [ The
assumption made in the dynamical part of the model
(see Kleeman 1989)]. The parameter p,, is a scale height
for the moisture field and a value of 400 mb gives rea-
sonable agreement with observations of the lower trop-
ical troposphere (see Newell et al. 1972). The particular
form for u(p) below 910 mb was chosen to roughly
simulate boundary layer behavior. The 1000 mb value
is 70% of the 850 mb value.

With the above functional forms the vertical struc-
ture integrals have the values

oI, = 223.25 mb
gl = 669.35 mb m > kg. (A.2)

It is worth noting that the moisture convergence feed-
back parameter [discussed by Gill and Davey (1987)
and by Zebiak (1986)] is given by

B = RL,I,(qs + q4)/2¢,p2 1, 7. (A.3)

For the choice of parameters made here, this quantity
is 0.956 when the surface specific humidity is 20 g kg™,
a value achieved when the SST is approximately
30.2°C. Experimentation with this parameter showed
that divergence in the iteration process occurred when
its value was increased to a value slightly above one.
For the values of SST encountered in the datasets used
here such values were never encountered and no evi-
dence of iterative divergence was ever observed.
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