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ABSTRACT

The global land monthly precipitation data (PREC 7 L) are used to investigate the relation between the
global land annual precipitation and ENSO during 1948—2000, and the results of composite analysis are test-
ed with Monte Carlo simulations, Results indicate that the global land annual precipitation was significantly
reduced in large scale areas in warm event years. the areas were the equatovial West Pacific, North China;
equatorial Central America; North Bengal Bay and Mepal; East Australia; West India and Scuth Pakistan;
the district east of the Lena River: West Europe; and Wilkes Land of Antarctica. In contrast to this, the are-
as where precipitation ificreased in warm event years were less, and mainly in Chile and Argentina of South
America; Somali, Kenya, and Tanzania of East Africa; Turkey, Iraq, and Iran of the Middle East; Libya
and Nigeria of North Africa; Namibia of Southwest Africa; and Botswana and Zimbabwe of southern
Africa. Statistical tests show that in warm event years, the area where the land annual precipitation was re-
duced was larger than the area where the annual precipitation increased, and the reduction in precipitation
was more significant than the increase. The resuits in this paper are compared with previous studies. It is al-
so pointed out that the interdecadal change of ENSO had no significant effect on the interdecadal variation
of precipitation in the above regions. However, the warm events of El Nino affected the droughts in East
Australia and North China more after the 1980s than before,
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1. Introduction

Precipitation is an important component of climate, Studies on the climatic changes of
global precipitation in the past were too seldom compared with those of global temperature
due to the limitation of global precipitation data, Existing studies (Rasmusson and Carpenter
1982; Ropelewsl and Halpert 1987; Bradley et al. 1987a; Lau and Sheu 1988, 1991; Nicholson
et al, 2000; Hulme 1992: Noel and Changnon 1998) showed that the large—scale anomalies of
global precipitation were associated with ENSO. It was generally held that ENSO events were
associated with droughts in tropical continents. However, these studies do not contain ENSO
events after the 1980s. In order to avoid the influence of an exceptionally strong ENSO event
on results, Ropelewsi and Halpert (1987) deliberately removed the strong ENSO event of
1982 / 83, Hulme (1992) pointed out that the reduction in the global precipitation in
1951—1980 was related to ENSO events over the same period. Bradley et al, (1987a, b) studied
ENSO events before 1976, They conducted a composite analysis of the zonal belt mean precip-
itation over Africa between 0° and 30°N, North America, and Southeast Asia for
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the El Nifio and La Nifia events from 1884—1976 and pointed out that in warm events, the
zonally averaged precipitation over the northern tropical area was inclined to a reduction,
and the anomaly of precipitation over the African continent was the weakest among the three,
The amplitude of anomalies as well as the sign of signals in some circumstances varied greatly
with longitude. Bradley et al. also pointed out that the precipitation of the equatorial area in
1983 was very small (the lowest among the precipitation records in 1900—1983), which re-
sulted from the influence of the 1982 / 83 ENSO event. Lau and Sheu (1991) studied the rela-
tion between the global precipitation at 155 observational stations and ENSO (rom 1901 to
1980 using the EOF method and gave globally sequenced drought/ flood areas, Hulme
(1992) investigated the relations of the global mean precipitation and northern and southern
tropical area precipitation with ENSO (SOI) from 1951 to 1980; the correlation coefficients
were 0.49, 0.33, and 0.24 respectively, indicating that the reduction in the global precipitation
was correlated with ENSQ events from 1951-1980. Recently, Nicholson et al (2000} studied
the rainfall anomalies over West Africa during the 1997 / 98 ENSO event.

Many papers in China have studied the relation between ENSO and rainfall over China.
However, all focused on the summer / autumn rainfall of China, and none involved the annu-
al rainfall. And papers in China that which addressed the relation between ENSQ and the spa-
tial distribution of global precipitation have been rare. Although Wang and Gong (1991) di-
vided warm / cold event years and conducted statistical tests on the time series of global mean
annual rainfall before 1993, they could not reveal the influence of ENSO events on the spatial
distribution of global precipitation.

As we know, the 1997 / 98 ENSO event was the strongest one in the last hundred years
and the 1982 / 83 and 1991 / 92 ENSO events were also abnormally strong, |t is necessary to
extend research to the relation betweens ENSO and global rainfall in recent years, Besides, ac-
cording to Wang (1994, 1995), ENSO has changed interdecadally and has become intense and
frequent since 1977, It is also necessary to determine whether there are interdecadal changes
in the relation between global rainfall and ENSOQ by using recent precipitation data.

Recently, Chen et al. (2001, 2002) reconstructed the complete global land rainfall since
1948. They denote the teconstruction of global precipitation as PREC, the land data as
PREC / L, and the maritime part as PREC / Q. PREC / L was finished recently and has beer
extended to December 2001. Because the PREC / L data couer 53 years in total, there are
enough ENSO events for us to reliably evaluate the rainfall changes during those events, Base
d on the PREC / L data, this paper studies the association of ENSO with the large—scale spa-
tial distribution of global annual precipitation, and the correlation is tested using Monte
Carlo simulations. The relation of interannual anomalies of regional annual rainfall with
ENSO is addressed in section 4, the relation of interdecadal anomalies of ENSQO with global
annual precipitation in section 3, and a summary in section 6.

2. Data and methods

2.1 Data

The global land monthly precipitation data (PREC / L) from 1948 to 2000, recently creat-
ed and released by Chen et al. (2001), were used in this paper, These analyses are derived from
gauge observations from over 17000 meteorological stations cellected in the Global Historical
Climatology Network (GHCN) version 2 and the Climate Anomaly Monitoring System
(CAMS) data sets collected and compiled by the U.S. Climate Prediction Center (CPC). The
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spatial resolution of the data is 2.5° lat. / long. from 88.75°S to 88.75°N, with 10368 grid
points in tolal and 4390 grid points over land. Optimum interpolation, rigorous checking and
quality control were used in the creation of the data, and Chen et al. (2002) has elaborated its
fine propertics, The data are originally given in units of 0.1 mm d™', and we summed 12
months of data to get the annual rainfall in units of mm yr™!,

2.2 Methods
2.2.1 Cold/ warm event vears

Up to now, there have been many methods to define ENSO events, however those defini-
tions have led to approximately similar cold / warm event years with some differences in a
few individual years, such as 1963, 1968 /69, 1986 /87 and so on. In this paper, weaker
ENSO years were also taken into account, thus 1963 was added. Besides, based on the results
of Xu and Chan (2001), Trenberth (1997), and Wang and Gong (1999), 1968 and 1986 were
defined as the beginning years of the 1968 / 69 and 1986/ 87 ENSO events respectively. Also
based on the latest data and the results of Li and Ding (1997), the cold / warm events after
1990 were added. Thus, there were 14 warm event years and 10 cold event years from 1948 to
2000, and their beginning years are listed in Table 1.

Table 1. Warm / cold event years from 1948 to 2000

Warm event years 1951 1953 1957 1963 1965 1968 1972 197¢ 1982 1986 1951 1993 1994 1997

Cold event years 1942 1954 1955 1964 1970 1973 1975 1984 1988 1998

2.2.2 Student's t—test

Differences between the global land annual rainfall means of cold / warm event years
from 1948 to 2000 were examined by means of the Student’s z—test. The calculation of ¢, is

given by
Y, - X NN
e e el ey I E AL m
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where m= 4390 grid boxes, each representing a 2.5° x 2,5° latitude—longitude area, f,.} (Xa)
is the annual rainfall mean, S% (S% ) is the variance of warm (cold) event years at the ith grid
point, and N, = 14 (¥, = 10) is the number of warm {cold) event years, If the absolute value
of ¢ is greater than the critical value ¢, of statistic 1 with the N; + N, — 2 degrees of freedom
at the o significance, then it can be statistically inferred that the influence of warm / cold
events on annual rainfall is significant. The inference is significant at the ] —x confidence level,
where 0.01 or 0.05 is usually chosen for x. An anomalous area consists of at least 20 adjacent
grid boxes which reach the confidence level,

2.2.3 Monte Carlo simulation

Although the 1—test for differences of precipitation between warm and cold years may re-
liably assess the influence of ENSO on global annual rainfall, the computational domain con-
sists of a great quantity of grid boxes (4390 grid boxes), Livezey and Chen (1983) pointed out
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that the correlations between meteorological variable fields which consist of a great quantity
grid boxes must be tested with Monte Carlo simulations, If the number of grid boxes at which
the correlations are significant exceeds a certain criterion, the correlation ¢an be considered to
be reliable, otherwise it might occur by accident, The following statistical test method of
Monte Carlo simulations was designed for the composite analysis of the annual rainfall fields
on 4390 grid boxes, Because warm / cold event years were selected from the 53—year data, a
random number generator was used to get 53 uniformly distributed random numbers, Accord-
ing to the numbers, the 14 warm event years and 10 cold event years were reshuffled, Then, by
using the original global annual rainfall data, the r—statistic in Eq.(1) was calculated again
and tested for each grid box, and the number of grid boxes locally significant at the « level
was counted, This experiment was performed for a total of 1000 runs, and the warm ./ cold
event years for each run were generally different. It was easy to determine thresholds for the
5% and 1% field significance by sequencing the respectively passed grid box numbers for all
1000 runs. The correlation thresholds of Monte Carlo simulations can only be calculated for
specific data (e.g., the 53—year global annual rainfall data in this paper), which demands a
vast amount of calculation,

3. Global land rainfall anomalies and ENSO

Table 2 lists the major statisticai results of the r—statistic calculated using Eq.(1), showing
that there are 1392 more negative—valved grid boxes than positive—valued ones (negative at
2891 grid boxes; positive at 1499 grid boxes), indicating that the mean rainfall at most sta-
tions in warm event years was reduced. Grid boxes with correlations significant at the 0.05
and 0.01 confidence levels are 545 and 212 respectively, which are greater than the correlation
thresholds of Monte Carlo simulations at the 0.05 level, therefore suggesting that the influ-
ence of warm / cold events on the global annual precipitation is not by chance.

Table 2. Grid box numbers with t—statistic reaching confidence test standards and thresholds for Monte Carlo tests

Negative grid boxes minus positive ones 0.05 (x) 0.01 (z)
Calculated values 1392 543 212
Thresholds (confidence level) 1360 (95%) 489 (95%) 107 (95%)

for Monte Carlo simulations

The spatial distribution of the r—statistic is shown in Fig. 1, where it can be seen that the
negative—valued areas of r (reduced rainfall in warm event years; increased rainfall in cold
event years) are concentrated in the following nine areas.

D1: Equatorial West Pacific region (16.25°5—16.25°N, 96.25°~151,25°E; Fig. 2a). There
are 322 grid boxes in the region, which covers Indonesia, the Philippines, and Singapore.

D2 North  China (33.75°-38.75°N,  101.25°-113.75°E;  38,75°—41.25°N,
106.25°-118.25°E; 43,75°-51,25°N, 108.75°—113,75°E; Fig. 2b} contains 36 grid boxes. It is
worth pointing out that the correlation coefficient between the annual rainfall values in the
area (rom the PREC / L data and those from the 160—station rainfall data compiled by the cli-
mate center of China is 0.91 (1951—2000), indicating that the PREC / L is fairly accurate.

D3: Equatorial Central America area (6.25°S—-21.25°N, 33,75°-91,25°W; Fig, 2c). It in-
cludes the south part of Mexico, Nicaragua, Panama, Colombia, and Venezuela in the north



No. 6 Shi Neng, Chen Luwen and Xia Dongdong 997

B80S

803 T v v v — T v
0 J0E 60t 90L 1208 150F B0 150w 120w 90w BOW 30w

Fig, [, The i—statistic of the difterence ot annual ramnfall for cold and warm event years. Dashed
lines denote negative values, and the black and gray areas denote where the correlation of annual
ramfall with ENSO is significant at the 0.01 and 0.05 level respectively.

part of South America, and the region north of the Amazon, 288 grid boxes in total.

D4: North part of the Bay of Bengal and Nepal (28,75°-31,25°N, 76.25°-116.25°E; Fig.
2d). It covers 34 grid boxes,

D3: East Australia region (43,75°-21.25°5, 136.25°—153.75°E; Fig. Ze) includes 61 grid
boxes.

D6: India—Pakistan region (11.25°—28 75°N, 68.25°—96,25°E; Fig. 2f) contains 96 grid
boxes in West India and South Pakistan.

D7: Region east of the Lena River (63.75°—71.25°N, 133.75°—143,75°E; Fig. 2g) contains
20 grid boxes.

D8: West Evrope (43.75°—51,25°N, 18.75°-31.25°E; Fig. 2h) inctudes 24 grid boxes.

D9; Wilks Land of Antarctica (76.25°—63.75°S; 121.25°-156,25°E; Fig. 2g) contains 44
grid boxes. The PREC/ L data show that the rainfall was correlated with ENSO, however
the time series of rainfall (omitted) over this area exhibits a very small variance before 1977,
suggesting that the interpolated rainfall data over the Antarctic may not be religble. Therefore
the correlation in this area was not studied in greater detail,

There are 925 grid boxes in total in the above nine areas where the annual rainfall was re-
duced (increased) in warm (cold) event years.

Figure 3 shows the five positive—valued areas of the (—statitstic.

F1: Chile and Argentina of South America (48.75°—33,75°S, 68.75°—53.75°W; Fig. 3a)
contain 43 grid boxes.

F2: Somalia, Kenya, and Tanzania of East Africa (11.25°-3,75°S, 23.75°-48.75"E; Fig.
3b) include 32 grid boxes.

F3: Turkey, Iraq, and Iran (21.25°—41.25°N, 38.25°—61.25°E: Fig. 3c) contain 87 grid
boxes.

F4: Libya and Algeria of North Africa (21.25°-31,25°S, 3.75°+18.75°E: Fig. 3d) contain
35 grid boxes.

F5: Namibia of Southwest Africa, and Botswana, Zimbabwe, and Madagascar in Southern
Africa (11,25°-26,25°S, 18.75°—58.75°E: Fig. 3¢) include 83 grid boxes.

The above five positive—valued areas contain 280 grid boxes, about one third of the num-
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ber of negative—valued grid boxes; thus the range of positive—valued areas is very small,
Furthermore, according to Tables 3 and 4, the correlation of annual rainfall with ENSQO in
the positive—valued areas is far weaker than that in the negative—valued areas,

4. Interannual anomalies of regional annual precipitation and ENSO

In order to investigate the inlerannual variations of precipilation over anomalous areas
in detail, Table 3 (4) lists the means, differences, and ¢—statistic values of annual rainfall for
cold and warm event years over areas where the anmual rainfall was low (high} in warm event
years, In Table 3 (4), the drought (flood) areas are sequenced according to t—statistic values,
and Fig. 3 (4) displays the temporal evolution of the normalized regionally averaged annual
rainfall over the 8 drought (5 flood) areas.

According to Tables 3 and 4, and in comparison with the results of previous studies, the
following points can be obtained (for convenience, D1-D8 and F1-F5 defined above are
used to represent a concrete influence area of ENSO).

1) D1 is the most significant area of ENSO influence, and the negative correlation be-
tween annual rainfall and ENSO holds for all 24 years. This is consistent with results of pre-
vious qualitative studies. The circumstances of D3 are similar with D1,

2) North China was considered an insignificant area in the past, However many studies
confirmed that the summer rainfall over D2 was reduced in the onset years of ENSO, This pa-
per points out that it is a significant area of ENSO influence next to D1 in the globe, and is al-
so a distinct drought / flood region with a large area. Fig. 2b indicates that the negative corre-
lation holds for 24 years except for 1963. However, it is a very weak ENSO year, and was not
included as an ENSO year in some papers such as Noel and Changnon {1998) or Ropelews:
and Halpert (1987).

3) The drought / flood characteristics of D5, F1, F2, and F3 are consistent with results of
previous studies,

4) Indian droughts (warm event years) are not very significant (the sixth in the name list),
which might be due to use of annual rainfall instead of Indian monsoon rainfall (June to Sep-
tember precipilation) in our calculation.

5) D4 and D8 were not included in previous studies, Cur results show that, first, the annu-
al rainfall over D4 is obvicusly correlated with ENSO, and second, the annual rainfall over
D% is also related with ENSQ, however the correlation is weaker,

6) Using data up to 1980, Lau and Sheu (1991) concluded that North Mexico—Southern
United States (California to Florida) and South China are waterlogged areas in wartn event
years, However, the relation is insignificant in this paper. The position of waterlogged areas
of Southern Africa and Madagascar in their paper has moved northwestward (F5) in this pa-
per. Besides, we point out that F4 is a weaker correlation area.

Table 3. Areas with Teduced anmual rainfall in warm event years and their averaged annual rainfall (Units: mm)

D1 D2 D3 D4 D3 D6 D7 D&
Warm event 1729.4 3199 13322 29735 529.9 2297.9 657.5 1596.9
Cold event 2320.2 388.8 15523 3318.9 667.9 2580.1 775.5 1766.7
Difference —590.8 —68.9 -220.1 —345.4 -138.0 —282.2 -118.0 ~169.8
Statistic —8.68 ~5.50 -4.95 —438 —4,12 -3.01 -3.0 -237

Sec text for definitions of D1 to D8
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Fig. 2. Temporal variation of the normalized annual rainfall over areas where the annual rainfall

is obviously reduced in warm event years, Black (gray) denotes warm (cold) event years,



1000 Advances in Atmospheric Sciences Vol. 19

Table 4. Areas with increased annual rainfall in warm event years and their averaged annual raintall (Units: mm)

Fl1 F2 F3 F4 F3
Warm event 8122 1242.6 2535 62,8 1025.0
Cold event 720.5 1121.1 2199 46.0 980.3
Difference 871.7 1215 336 16.8 447
t—Sraustic 3,66 350 320 2.89 1.65

See text for definitions of F1 to F5,
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Fig. 3. Temporal variation of the normalized annual rainfall aver areas where the annual rainfall
is obviously increased in warm event years, Black (gray) denotes warm (cold) event years.
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5. Interdecadal anomalies of annual rainfall and ENSO

Many studies show that interdecadal changes have occurred in the atmospheric general
circulation since the 1970s, For example, Wang (1994, 1995) pointed out that the ENSO cycle
has transitioned from a cold to a warm state, Whether this interdecadal change has affected
the global precipitation, is investigaled here. ENSO events before and after 1979 were com-
pared and it was found that among the 8 areas D1 to D8, 7 of them were drought areas where
the annual rainfall was even less in the warm event years after 1979 than before, and ali 8 are-
as were not waterlogged in the cold event years after 1979, In particular, the mean annual rain-
fall over the East Australia region (D5) was reduced by 63 mm (4] mm) in warm (cold} event
vears after 1979 compared with these before, and D1 alse underwent a similar change. The
mean annual rainfail over D6 was reduced by 150 mm in cold event years after 1979 com-
pared with those before, However, these differences have not reached significance at the 0.05
level. Therefore the interdecadal variations of ENSO have not affected the interdecadal anom-
alies of the global precipitation, or at least the effect was not detected by the student’s r—test
performed on the data set used here.

6. Summary and conclusion

The relation between the global land annual precipitation and ENSO during 1548—2000
is investigated using the newly compiled global land monthty precipitation data (PREC / L),
and the results of composite analysis are tested with Monte Carlo simulations, {t is found that
there are 8 significant drought and 5 significant waterlogged areas in the globe during ENSO
event years, and we present the drought / waterlogged areas sequenced according to their sig-
nificance, In warm event years, the land area where the annual rainfall was reduced is far
greater than that where the annual rainfall was increased, and the reduction is more signifi-
cant than the increase. In contrast to the results of previous works, it is pointed out here that
North China is a significant area influenced ENSO, by being second in the global name list.
The influence of the interdecadal variation of ENSO on the global annual precipitation is
insignificant, but the influence of warm events after the 1980s on droughts of East Australia
and North China is greater than that before the 1980s. The relation between ENSO and pre-
cipitation is complicated. This paper only studies the major variation features of the annual
precipitation in the beginning year of ENSO, and of course cannot reveal the time—detailed in-
fluence of ENSO on precipitation. Therefore, the results in this paper do not reflect the com-
plete relation between ENSO and global precipitation. It is seemingly necessary to study the
relation over seasons or other time periods, and inaddition, using the PREC / O data.
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