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ABSTRACT

A diagnosis of rainfall over South America (SA) during the 1997/98 El Nifio year is made examining the
roles of water vapor transport and stationary waves. It is found that the low-level jet (LLJ) on the eastern side
of the central Andes is stronger during the El Nifio event and transports more moisture. This seems to be the
source for higher rainfall over southeast SA noted during the El Nifio years.

A calculation of three-dimensional stationary wave activity (F,) for 1997 and 1998 showed that in the summer
of 1996/97 stationary waves propagate poleward and eastward from midlatitudes into the higher latitudes to the
west of south SA and then propagate equatorward to the east of SA. During the autumn of 1997, the vertical
component of F, is consistent with a blocking high over the southeast Pacific. To the east of this high cold air
advection from Antarctica occurs, and to the west warm air advection occurs. This is consistent with negative
and positive centers seen in the vertical component of F, to the east and west of south SA. The rainfall anomalies
during a particular season seem to be due to multiple causes and this complicates a direct connection between
them. Although over the southeast of SA, the higher rainfall during 1997 and 1998 can be attributed to some
specific causes such as higher water vapor transport by LLJ in summer of 1997/98, in other parts such an
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association was not possible.

1. Introduction

Interannual variations of rainfall over several parts of
South America (SA) arelinked closely to the occurrence
of El Nifio and La Nifa events. Since the early study
of Walker (1928), severa authors discussed the con-
nection between the El Nifio-Southern Oscillation
(ENSO) and rainfall over SA (e.g., Aceituno 1988; Rao
and Hada 1990; and others). In Part | (Rao et al. 2002),
we discussed the characteristics of rainfall over SA in
the National Centersfor Environmental Predictions—Na-
tional Center for Atmospheric Research (NCEP-NCAR)
reanalysis (Kalhay et al. 1996) and rain gauge data, and
examined the rainfall changes during 1997 and 1998.
In the Tropics, regions of higher (lower) rainfall are
generally associated with convergence (divergence) of
water vapor flux. Thus, it would be interesting to study
the characteristics of water vapor flux. Quasi-stationary
waves influence the rainfall over SA by generating
blocking episodes in the southeast Pacific near the west
coast of SA. Marques and Rao (2000) found that the
occurrence of blocking highs over the southeast Pacific
increases during the El Nifio events. Rutllant and Fuen-
zalida (1991) found that the rainfall in Chile during the
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El Nifio eventsis affected because of blocking. Marques
and Rao (1999) noted that blocking over the southeast
Pacific strongly influences rainfall over SA. Renwick
and Revell (1999) and Rao et a. (2000) showed the
importance of quasi-stationary waves forced during the
El Nifio events in generating blocking events over the
southeast Pacific. In this part, we discuss the charac-
teristics of water vapor flux and quasi-stationary waves
during 1997 and 1998.

2. Data sources

We use the wind (zonal and meridional components,
u and v); specific humidity g, temperature T, and geo-
potential ¢ data of NCEP-NCAR reanalysis. These data
are given on a 2.5° by 2.5° latitude and longitude grid
and span globally. These data are used to calculate the
moisture flux and to identify the source regions of anom-
alous stationary wave activity. The details of the method
of calculation are given in the following sections.

3. Moisture flux
The moisture budget equation can be written as
owt=-V -Q+E—P (1)

where
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Vertically integrated moisture flux (Kg/m/s)
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FiG. 1. Seasonal vertically integrated moisture flux (kg m~—* s—) for 1997. The magnitude of the flux is given by the
length of arrows. Scale is at bottom of each panel.

l Po
Q=—f qVv dp 2
g Pt
and p, = 300 hPa, p, = surface pressure, g is the ac-
celeration of gravity, and V isthe vector wind. Equation
(1) states that the change of total precipitable water (w)
in the column is equal to the difference between evap-
oration (E) and the sum of precipitation (P) and the
vertically integrated moisture flux divergence (V-Q).
For long-term means ow/ot is small, then Eq. (1) be-
comes

E-P=V.Q. 3)

For estimating vertical integration of moisture flux
and its divergence, data at the surface level, 1000, 925,
850, 700, 600, 500, 400, and 300 hPa, are used. Since
surface data are not available in the pressure level data,
sigma 0.995 data are used. Specific humidity at sigma
0.995 is calculated from relative humidity and surface
temperature at sigma 0.995 using the Clausius—Clapey-
ron equation. Vertical integration is done from the sur-
face through 300 hPa, instead of from 1000 to 300 hPa,
to avoid wrong estimates over mountainous regions.

Figures 1, 2, and 3 show, respectively, the vertically
integrated moisture flux for 1997, 1998, and the differ-

ence between the two. The general characteristics of
moisture flux over SA are already discussed by Rao et
al. (1996) and Labraga et al. (2000) and here the em-
phasisisgiven to the differences between the years 1997
and 1998. During all the four seasons the westward flux
of water vapor in the Tropics is noted in both years.
This shows the importance of moisture flux by trade
winds into the Amazon basin. Also the anticyclonic cell
of moisture flux in the subtropical Atlantic Ocean as-
sociated with the subtropical high here is clearly seen
in all the seasons in both years, although it is stronger
in the summer [December—January—February (DJF)].
Associated with this anticyclonic cell southward mois-
ture flux is seen over the southeast coast of Brazil in
the summer. The large southward transport of moisture
from the Tropics into the subtropics and midlatitudesis
seen in al the seasons to the east of central Andes
mountains. This is related to the low-level jet (LLJ)
noted in this region (Nogués-Paegle and Mo 1997). The
moisture flux associated with LLJis stronger during the
summer and autumn seasons of the El Nifio year 1998
compared to that in the year 1997. Thus Figs. 3a and
3b clearly show the higher southeastward transport. This
higher transport associated with a stronger LLJ during
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Fic. 2. Same as Fig. 1 but for 1998.

the El Nifio years seems to support higher rainfall in
the southeast SA noted earlier. The westward flux of
water vapor in the Tropics was more in the summer and
autumn seasons of 1998 compared to those of 1997.

In the midlatitudes the moisture transport is eastward
associated with the westerlies there (Figs. 2 and 3). This
transport is higher at 30°—40°S during DJF and MAM
1998 as shown by the eastward transport in Figs. 3a,b.
However, during JJA and SON the difference shows a
westward transport over the Atlantic, south SA, and the
east Pacific.

Precipitation is mainly maintained by the conver-
gence of water vapor flux. The increase (decrease) of
precipitation is closely related to the enhancement (re-
duction) of convergence of water vapor flux. Thus, the
differences in the divergence of water vapor flux be-
tween the two years, 1997 and 1998 (Fig. 4) are ex-
amined. A comparison between Fig. 7 (of Part I) and
Fig. 4 (Part I1) shows that the negative (positive) values
in Fig. 7 (Part I) correspond in general with the positive
(negative) values in Fig. 4 (Part 11). The agreement is
better in the summer and autumn seasons. The higher
divergence of water vapor flux over northeast Brazil in
MAM 1998 seen in Fig. 4b was associated with the
severe drought conditions over this region. In the winter
and spring seasons the differences in the divergence of

water vapor flux (Figs. 4c and 4d) show finer details
that are not seen in Fig. 7 (Part 1). From Eg. (3) the
differences in the divergence of water vapor flux and
precipitation are due to evaporation. However, this is
valid for observations and numerical simulations. When
the fields Q, E, and P are produced with a data assim-
ilation system, such asthe NCEP-NCAR reanalysis, the
correct budget equation is given by (Schubert et al.
1995)

V.Q=E-P+D, )

where D, represents the increment to the model state
by the observational data (V-Q and P). Here, for the
sake of brevity, D, is not discussed.

Figure 5 shows the difference in evaporation between
1998 and 1997. Except in the summer, the evaporation
over the Atlantic Ocean from about 10°N to 30°S is
higher in 1998. South of about 30°S the reverseis true.
But in summer, the evaporation was higher in 1997 in
the Atlantic near the coast of Brazil. The higher rainfall
over south Brazil noted earlier during 1998 seems to be
supported by higher evaporation over the subtropical
Atlantic and higher moisture flux particularly associated
with stronger LLJ. Over the equatorial east Pacific, neg-
ative values are seen in Fig. 5 showing that the evap-
oration was higher in 1997. These higher values seem
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Difference in vertically integrated moisture flux (Kg/m/s)
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Fic. 3. Difference in vertically integrated moisture flux (kg m— s~*) between 1998 and 1997.

to be associated with higher SST in the equatorial east
Pacific. South of these negative values, positive values
are seen in Fig. 5.

4. Quasi-stationary waves

As mentioned in the introduction, quasi-stationary
waves influence the rainfall over SA. Here we will use
the approach introduced by Plumb (1985) to study qua-
si-stationary waves. Although we are interested pri-
marily in the influence of quasi-stationary waves over
SA, we study quasi-stationary waves over the entire
Southern Hemisphere. The approach introduced by
Plumb (1985) has been extensively used in both model
and observational studies (Plumb 1985; Mo et al. 1987,
Karoly et al. 1989; Lau and Peng 1992; Schubert et al.
1993; Quintanar and Mechoso 1995).

For small-amplitude waves on a zonal mean flow, the
conservation relationship for stationary wave activity
(Plumb 1985) may be written as

oA Jot + V-F, = C,, )

where A, is the stationary wave activity,
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activity,
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and C, is a honconservative source-sink term that in-
cludes diabatic and frictional effects and interactions
with transient eddies. The overbar represents a time av-
erage and the quantities with asterisks denote departures
from the zonal average; p isthe pressure, Q and g* are
the zonal mean and perturbation quasigeostrophic po-
tential vorticity, U isthe zonal mean flow, E isthe wave
energy density, u* and v* are the eddy zonal and me-
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ridional geostrophic wind components, a is the earth’'s
radius, ¢ isthe geopotential, T is the temperature, () is
the angular rotation rate of the earth, and Sis a time-
and area-averaged static stability.

Plumb (1985) showed that for steady, conservative
waves F. is nondivergent and that for slowly varying
almost plane waves, F. is parallel to the group velocity.
In general, the starred (wave) quantities are evaluated
from time averages (a season) in which case the time
derivative in expression (5) isrelatively small and wave
sources (sinks) are associated with regions where F, is
divergent (convergent).

Since F, is derived under quasigeostrophic assump-
tion, itsvalidity is questionable in low latitudes and also
one should be careful in interpreting the short-scale qua-
si-stationary waves (Quintanar and Mechoso 1995).

Figures 6 and 7 show the horizontal and vertical com-
ponents of F, for 1997 and 1998, respectively. Hori-
zontal components are shown as vectors and vertical
components as contours. The distribution of horizontal
components (Hc) of F, in Fig. 6a shows that in DJF
guasi-stationary waves propagate poleward and east-
ward from midlatitudes into higher latitudes to the
southwest of SA and then are refracted equatorward to
the east of SA. The distribution of vertical component
(Vc) of Fin thisregion shows negative values over the
southern tip of SA and positive values to the southwest.
This is consistent with the height anomaly (figure not
shown) that shows a high in this region. Thus, to the
east of this high cold air advection from Antarctica is
expected and to the west warm air advection occurs,
thus provoking the negative values of Vc to the east
and positive Vc to west. Wave propagation from the
midlatitudesto the Tropicsisseen to the east of Australia
and in this region positive values of Vc are seen. By
MAM (Fig. 6b) Hc becomes stronger and shifts west-
ward compared to DJF. In the winter (Fig. 6¢) the Hc
decreases in intensity. But V¢ increases substantially
and a strong positive center is found over south SA. As
mentioned by Mo et al. (1987), V¢ tends to be strongly
positive over the region of intense precipitation. Figure
7c¢ (Part 1) shows negative values in this region, that is,
rainfall was higher in JJA 1997 than in JJA 1998. (See
also Figs. 58 and 59 of Bell and Halpert 1998.)

Figure 6d shows that there is a strong negative center
of Vc of F, over south SA and a positive center to the
west. The 300-hPa height anomaly (SON 1997 minus
normal) shows (figure not shown) the positive and neg-
ative anomaly centers suggesting Rossby wave propa-
gation from the tropical central Pacific to the east and
then to lower latitudes with a positive anomaly center
over the southeast of SA, in away very similar to what
was found by Rao et a. (2000). This wave propagation
is consistent with F, vectors seen in Fig. 6d. The high
(positive anomaly) to the southwest of SA isindicative
of recurrent blocking in this region (Bell and Halpert
1998). SON is the favorable season of blocking in this
region (Marques and Rao 2000; Rao et a. 2000). To
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the east of this blocking high, cold air advection from
Antarctica is expected and to the west warm air advec-
tion occurs. This is consistent with the negative and
positive centers of 300-hPa anomalies (figure not
shown) near south SA.

Figure 7 shows the vertical and horizontal compo-
nents of F, for 1998. The year 1998 saw both extremes
of the ENSO cycle with one of the strongest El Nifio
episodes in the historical record continuing from Jan-
uary to early May and La Nifia conditions occurring
from July to December. In the eastern subtropical Pacific
strong equatorial propagation of quasi-stationary waves
is seen (Fig. 7a). Also strong divergence of vectorsin
thisregion show asource of stationary waves, obviously
associated with SST anomalies. To the south of this
region a weak zonal propagation of stationary wavesis
seen. In the region of diverging vectors a positive center
of Vc is seen, which is not necessarily associated with
heat transports. In MAM 1998, poleward propagation
of quasi-stationary waves is seen to the west of SA. By
JJA 1998, the propagation of quasi-stationary wavesin
the mid- and high latitudes decreases. In SON, to the
southeast of SA a negative 300-hPa high anomaly (fig-
ure not shown) is seen. During the El Nifio SON 1997,
as mentioned earlier, a high is seen. The low in this
region during LaNifa SON 1998 reducesthe occurrence
of blocking in this region (Marques and Rao 2000; Rao
et a. 2000) The configuration of Vc of F, is generaly
opposite to what is observed in SON 1997. To the south-
west of SA equatorial propagation of quasi-stationary
waves is seen and the vectors diverge suggesting a
source of quasi-stationary waves. In this season, to the
east of Australiaand New Zealand also equatorial wave
propagation of quasi-stationary waves is seen and a
source of quasi-stationary waves can also be inferred
here. In many other regions of Figs. 6 and 7, a source
region of quasi-stationary can be inferred to the east of
Australia and New Zealand.

5. Conclusions

A diagnosis of rainfall characteristics over SA during
the 1997/98 El Nifio event is made. The large southward
transport of moisture from the Tropics into the sub-
tropics and midlatitudes to the east of the Andes is as-
sociated with the LLJ. This LLJ is stronger during the
1997/98 El Nifio event. Higher transport of moisture
associated with stronger LLJ seems to support higher
rainfall over southeast SA during El Nifio events. In
general, higher (lower) precipitation seems to be sup-
ported with higher (lower) convergence of water vapor
flux. The difference between the divergence of water
vapor transport and precipitation is due to evaporation.
The higher rainfall over southeast SA in 1997/98 seems
to be supported by higher evaporation over subtropical
South Atlantic and higher moisture flux associated with
stronger LLJ. The severe drought over northeast Brazil
(NEB) during MAM 1998 was associated with diver-
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gence of vertically integrated water vapor flux. This A calculation of F, the three-dimensional stationary
divergence of water vapor flux, together with sinking wave activity for 1997 and 1998 showed that in summer
motion over NEB seemsto beresponsiblefor theintense  of 1996/97 stationary waves propagate poleward and
drought conditions during MAM 1998. eastward from midlatitudes into higher latitudes to
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southwest SA and then propagate equatorward to the
east of SA. During SON 1997, the vertical component
of F, is consistent with a blocking high over the south-
east Pacific. To the east of this high cold air advection
from Antarctica is expected and to the west warm air

advection occurs. This is consistent with negative and
positive centers seen in the vertical component of F to
the east and southwest of SA. During the summer of
1997/98, strong divergence of the horizontal component
of F, is seen in the eastern subtropical Pacific, sug-
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gesting a source of stationary waves obviously asso-
ciated with positive SST anomalies. During the La Nifa
period of SON 1998 opposite characteristics (to what
happened in SON 1997) consistent with a low in the
southeast Pacific occurred. These high and low pressure
centers over the southeast Pacific during the El Nifio
and La Nifia events favor higher and lower blocking
frequency in this region associated with stationary wave
activity forced by positive and negative SST anomalies
(Renwick and Revell 1999; Rao et al. 2000). Higher or
lower frequency of blocking in the southeast Pacific has
a severe impact on the rainfall over SA causing higher
rainfall over subtropical SA and lower rainfall over
higher latitudes.
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