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Some. of the trends and charactenistics of the isotopic composition of precipita -
Bon in thopical siations are discassed. Stations in small Pacific 4isfands show a
Briation with Patitude, with fower S-values between 15N and 15°S and highen values at
Bohon,  Tnfand statdions are depleted in heavy {sotepes with nespect Lo coastal stations

i vipected theonetically. 1n Southenn Amenican stations the seascnud varriations of the
monthiy S-vafues are conkelated and they are greater {n {nland Adations due to con-
Biental {ty. The possible effects o¢f necycling of watern vapow: by  evapetransplration
B also discussed,

¥. INTRODUCTION

Recently the 1AEA has published the statistical treatment of the isotopic data of
precipitation of the stations of the VAEA/WMO global network (1AEA, 1981). On the basis
of these results, and of other results available in the 1AEA files, | shall try in this
paper to briefly review some characteristics of the stable isotope compositon of precip
jtation in tropical stations. The stations, the data of which will be discussedhere,are
shown in fig. 1. They are also listed in Table 1, together with their gecgraphical
co-ordinates, altitude, mean temperature and mean annual precipitation.

2, LONG TERM MEAN (SOTOPIC COMPOSITION OF PRECIPITATION
The long term mean compositon os stable isotopes in precipitation in  tropical

stations is Included in Table 1. The length of the observation pericd in the last
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column refers to the oxyogen-18 analyses, which are in general more frequentlyavailable
and it has been computed by dividing the total amount of precipitation for which the
5]80 values are available by the mean yearly precipitation.

For some stations, the observation period 1s rather short, well below 5 years,
which 1s probably the minimum period te cbtain fully reliable mean values.  The valuss
reported from these staticns might change therefore in future, when more results are
available, but | believe that these changes will not affect this discussion very much,

The mean 6]80 values are also shown in fig. 2. The 8D and the 6180 values arg
also plotted in fig. 3: they line up very well along the so-called world meteoric water
line {Crafg 1961; Dansgaard 1964},

2.1 island stations

Mast of the stations lacated on small islands are in the Pacific Qcean, For these
stations one can assume that the precipitation derives directly and exclusively  fron
condensation of atmospheric vapour of oceanic origin and that the influence of the fand
on the isotopic compasition of vapour and of precipitation is negligible, at least a
Tow altitude.

The isotopic composition of precipitation of 11 Pacific island stations dependso
the latitude: at stations in the latitude belt between 15°K and 15°S the &-values ar
significantly Tower than those at stations at higher latitudes, between 15° and SDO,H
is shown in fig. 4, (At even higher latitudes the heavy isotope content of precipita-
tion decreases again, because the effect of cooling becomes predominant).

The reason of the above trend of &-values with Tatitude seems to be mainly th
Yamount' effect: the correlation coefficient between amount of precipitation and&leois
-0.571, which is significant at the 90% level.This means that the fraction of atmospheric
vapour condensed to produce rains s greater in sub-equatoria) islands than in subtrop-
ical islands. There are however important exceptions to this behavior: for instance,at
Hilo (Hawaii), where the precipitation is high (3470 mm/year} and the 6‘80 is in the less
negative range (-2.29%). The amount of precipitation at Hilo is probably determined by
the high mountains of the island, the altitude of which exceeds the L4000 m at the tw
volcanoes Mauna Kea and Mauna Loa.

It is alse worthwhile to notice that other low latitude Pacific stations located
on large islands, that is Manila, Djajapura and Madang, as well as Darwin in Northem
pustralia, also follow rather well the isotopic trend observed in small isTands.

The same trend of 6]80 with latitude is not found in the Atlantic ©Ocean, where
unfortunately the number of island stations in insufficient. However, the stations on
the eastern coast of South America, for whichthe influence of the continent is probably
minimal due to the prevailing wind direction, also do not showany latitude isotopic trend

The occurrence of the isotopic variation of precipitation with latitude over th
Pacific 1s most prabably Tinked with the pesition of the intertropical convergence zom,
the seasonal displacement of which is rather Timited, On the contrary,over the Atlantic

the position of intertropical convergence zone is more distorted by the continents and
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the occurrence of cold marine currents, and its seasonal displacement is rather large.
The 5]80— &D correlation computed for the 18 isTand tropical stations of Table
60 = (7.40+ 0.38) 5'% + (7.641.1)

with a orrelation coefficient of 0.976. The deuterium excess is 9_310.8. The slope of

above correlation is definitely greater than that reported for island statiors by

furtserver & Gat (1981):

5 = (6.1750.51) 68

0+ {4.041,5)
and than that reparted by Dansgaard (196L4). For the latter auther, the stope is about
3.5 while the intercept ranges from +6.5 to -9,0%.
2.2 Coastal stations
The 6‘80 values of precipitation in ceastal tropical stations range from -1.5
{(Bombay} to -7.8% (Madang). Rather negative values, similar to that of Madang, are
unexpectedly frequent, as for instance those observed at $ingapore, San Salvador, Hong
kong, Bangkok, Manila. A combination in various proportions of several effects,such as
the amount and the continental effects (the atmospheric moisture derives in part  from
inland), is probably responsible for the low & values. Also the contribution of recy -
cled moisture by evapotranspiration might be important. The correlation of 6]80 with
the amount of precipitation is not significant (r = -0.020).
' The 5'80—6 D relationship for coastal stations is practically identical to that
for istand stations:
50 = (7.6040.25) 6'% 4 (7.441.2)
yith r = 0.987 and d (deuterium excess) = 9.2+0,6%0,

2.3 Inland stations

Tropical inland stations frequently - but not always - show heavy isotope contents
Bf precipitation which are significantly fower than those of coastal stations,as should
g expected as a consequence of the so-called continental effect.

In the Amazonian Basin, the most negative & values are observed at Porto Velhe,
ghich is the most inland station. Intermediate § values cccur at other inland stations
flavpes, Manaus, Cuiabd, Brasiltia) which are less distant from the coast.

There is no correlation, in the Amazonian Basin, between isctopic composition and
Bount of precipitation. This however is not surprising in inland stations,where suchga
Bs1ationship is guite compltex: in fact, low & values can also be associated with low
Eeccipitation, if the rain derives for instance from an atmospheric vapour already
Brteted in heavy isotopes due to previocus condensation processes. In additien, any
Rarrelation between isotopic composition and amount of precipitation can be completely
Bsked by intense evapotranspiration processes, as are likely to occur in Amazonia. |If
Blant transpiration is the prevailing process, then the isotopic composition if water
Bpour returned to the atmosphere is equal to that of precipitation. The isotopic com-
gsition of rain deriving to a significant exten from recycited moisture, is no longer
Elated to the amount in a simple way.

Also rather complex is the continental effect on the isotopic  composition af
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précipitation in Africa. The amount of precipitation decreases steadily from West to
East, i.e., from Bamako, to Kano, N'Djamena, Geneina and Khartoum, in the latitude belt
between 12 and 16°N. Here, however, the strongest precipitation gradient is in the
South-North direction, i.e, from the coast to the Sahel and to the Sahara desert, and
this is mainly responsible for the aridity of the most northern of the above stations,
Khartoum.

The ]80 content of precipitation is practically the same at Bamako, Kano and
N'Djamena (but in this last station the D content is 5-8%o higher},and then it increases
by about 2%c at Geneina and Khartoum. This trend is also confirmed by the isotopit
composition of groundwater samples of recent age {high tritium and/or carbon-th content),
which behave exactly as precipitation (fig. 5, from Dray et al.,1981). This is a conse
quence of the fact that in the Northern tropical belt of Africa the atmospheric moistur
derives from the Atlantic Ocean in the West, the Gulf of Guiana in the South West and
the Indian Ocean in the South East: the influence of the Tast source is responsible for
the less negative 8-values observed in precipitation in Eastern stations,including Addis
Ababa, in spite of its elevation (2360 m a.s.}.).

In the past, when the climatic conditions were different and the precipitation
mare abundant, the West-East continental effect was reversed with respect tothe presen
one, as shown by the isotopic composition of "old" (low ]hC content) groundwater samples
(fig. 5}. In relative terms, therefore, the contribution of Indian Ocean moisture was
perbaps less important in the past than nowadays.

The continental effect is also responsibie for the local minima of the heavy
isotope content of precipitation observed at Luan Prabang, and at ATice Springs.

In stations at high elevation the altitude effect is summed upwith the continental
effect producing the negative §-values ohserved in many stations in Southern Africa and
in South America (especially lzobamba and Bogota). There are however also stationswhich
do not show any appreciable influence of elevation, as for instance Addis Ababa,Entebbe

and perhaps Shillong.

3. MEAN MONTHLY 1SOTOPIC COMPOSITION OF PRECIFITATION

The discussion of this section is based cn the mean welghted monthly values of
the isotopic composition of precipitation. In this way most of the fluctuations of the
individual monthly values are smoothed out. These fluctuations in fact may reflect only
occasional phenomena and in part mask the main processes governing the isotopic  com-
position of precipitation.

Only stations having a record of data sufficiently lohg (5 years) have been
considered. Alsc, months with less than three measurements or with low mean precipitas
tion (less than 10 mm} are eliminated, because the mean data are considered  scarcely
reliable.

3.1 Correlations between mean monthly §-values and amount of precipitation

8

In Table 2 the correlation between mean monthly 61 0 and precipitation amount at
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selected tropical stations is shown. Apart from a few exceptions (Salvador, Midway,
Srisbane), this correlation is generally very good, with a significance level above 90%
in two stations, above 95% in four, above 98% in five, above 99% in ten and above 99.9%
in fifteen. The correlation coefficient is in all cases much greater than that obtained
by torrelating monthly individual values of isotopic composition and of amount of precip
itatlon, as reported by IAEA (1981). The correlation between mean monthly values is
tlso shown in fig. & and in fig. 7 for selected stations in Amazonia and in the Pacific
respect ively..

Assuming for the precipitation process a simple model of Rayleigh distillation type
the slope a of the correlation between the mean monthly values of isotopic composition
and the amount of precipitation should he negative (and this occurs, as can be seen
irom Table 2 ), and should increase in absolute value at stations where the long term §

values are more negative. This second condition does not seem to be fulfilled, as the

worrelation coefficient between 3‘80 and the slope a is only 0.042 (with each pair of
values weighted by the determination coefficient r2 between monthly data of 6180 and of
amaunt)

Also the intercept b should become more negative together with 5]80: b in fact
represents the mean isotopic composition of the very first liguid fraction which can be
obtained by condensation of the atmospheric vapour reaching the site. |In principle,the
isotopic composition of the Tatter should differ from b by the eguilibriumfractionation
factor Viguid-vapeur. The correlation coefficient between 3180 and b is 0.462, with a
significance level of 95%, which should be considered rather satisfactory. An apparent
correlation between a and 5[80 can be obtained by subdividing the stations in three
groups according to their long term mean isotopic composition. In this wayonecobtains:

i) For the 13 stations with 3]80 > -3%: a = -0.0124, o, = 0.0066, o = 0.0026; b

(Intercept) = -0.11, o = 0.82, o, = 0.32. The values of Barbados have not been used in

!
computation because they differ by more than 2o from the mean values of the group,

ii) For 8 stations with 5180 ranging from -3 to -5%c: a = —0.0]&9,01 = 0.0036,on =
0017; b = -0.75, o, = 0.88, a = 0.42. For the same reason as for Barbades,the values

¥ Uaupes have not been included in the computaticons of this group.

iii) For 16 stations with 5180 < -5%0: a =-0.0178, g, = D.OD?S,Gn =0.,0024 ;b= -1.53,
) = 1.67, o, = 0.53.

These results show that there is a hint also for la] to increase as§180 decreases
s in principle it should. However, the differences between mean values of groups are
rather small in comparison with their variance, and therefore the level of significance
is always below 90%. In addition, according to theory, assuming that condensation of
the atmospheric vapour is produced by adiabatic cooling, the slope of the second group
and that of the third group should be respectively about 1.3 and 1.8 times greater in
absolute value than the slope of the first group, while the values of a reported above

indicate rather ratios equal to 1.2 and 1.4,

INSTITUTO NACIONAL DE
PESQUISAS DA AMAZONIA
INPA - CODC
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Among the various processes which might lower the absolute value of the slopeaof
the relationship between the mean monthly values of § and of the amount of precipitaticn
recycling of vapour through evapotranspiration is probably one of the most important,
This process in fact tends to smooth down the isotopic variations of precipitation by
recycling Into the atmespheric water vapour with a rather constant Tsotopic compasiticn
equal or related to that of groundwater and of surface water bodies, which in turn
should be similar to the mean isotopic composition of precipitation, The attenuation of
the Isotopic variations of precipitations due to recycling of water vapour in the Ama-
zonian basinwas shownby Dall'Olioet al.(1979}and by Salati et al. {1979) on the basis
of a multibox model assuming a westward flux of vapour.

Another reason to observe absolute a-values lower than those predicted theoreti-

cally, is that the model based on a Rayleigh type condensation process is incarrect,
because it implies that the vapour phase is only present in the system, and the Jiguid
formed is continuousty removed. In reality, the two phases coexist in the clouds, and

rains remove only a part of the liquid water present,

In principte, the slope a should also be different for Island and coastal stations
with respect to inland stations. Such a difference, however, does not become apparent
from the data of Table 2

3.2 Correlation of South American stations with Belem

The mean monthly & values of precipitation of most South American stations  sho
pareliel variations. Table 3 Includes the values of the slope a and of the intercept
b for the reduced major axis linear correlation between various stations and Belem. The
correlations are generally good, with the exception of those of Cayenne, which are not
significant, and those of Brasilia, which are rather weak (at Teast for oxygen-T18).This
confirms that the precipitation has the same seasonal trends and obeys meteorological
mechanisms which are to a considerable extent simitar in all tropical stations south of
the equator,

From Table 3 it can be seen alsoc that all the coastal stations show a value of
the slope a < |, that is the seasonal variations of & are smaller than at Belem. On the
contrary, the seasonal variations are larger in inland stations, where the values of 3
are always greater than 1, This indicates the peculiar sftuation of Belem, which has a
behavicur intermediate between those of coastal and of infand stations,correspondingalso
to its gecgraphical position at about 100 km from the ocean.

The values of a for the inland Amazonian stations are somewhat surprising,because
the recycling of water vapour by evapotranspiration should rather reduce the seasonal
variations of the precipitation isotopic composition. This is in competition, however,

with the effect continentality, which tends to increase the seascnal S-variations.

RESUMO

Sdo discutidas algumas tendéncias e canacternisticas da composicde Adsotopien day
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secipitacoes nas estacdes tropicais. Em iLhas peguenss do Paclffeo, as estacdes apre-
sentam vandiacao de acerde com a Latitude, com valores-§ menohes entne 15°N ¢ 1503 ¢ vd-
lores malohes a Latitudes mais elevadas. 04 {sctopos pesades, nas estacdes inferiona -
mh, apresentam-se empobhecidos com nefacdo ds estacies costeiras, ponem algumas vezes
eshe efeite continental @ bastante complexo, como pon exemplo na Xfnica. A midia mensal
do valones-§ indica uma sensivel connedagao com a quantidade de precdpitacde, porem — as
vandagies em decbive ndo indicam wna dependincia clara da média a Longo praze dovafor-8
some ona de. Ae esperar feohdicamente. Nas estagoes da Amerdica do Suf, de acornde com as
wlacoes do ame, ha uma correlacdo emtre db varidooes das medies mensads dos vafores-§
o quals s30 maiokes nas estagoes wals para o interdor devido a continentalidade.  Sao
damba discutidos ob possiveis efeites da reciclagem do vapon digua provendente da eva-

AR pAacas .
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Table 2 - Least square regression of the mean monthiy § '®0 values on the amount of
precipitation (in mm).

Station ako Qtﬂb n correlation significance
a . coefficient level %
slope intercept
Aperica & Westerm Atlantic
Veracruz =0.010140,0020 -0,5840.29 11 ~0.845 99
Ssn Salvador ~0.007240,0026 -4.99+0.52 8 0,757 95
Bartados =0,042240,0090 +3.6240,95 12 ~0.830 99.9
Boward AFB ~0.0303+0.0060 +0.,35+0.91 11 -0,862 9949
Cayerne —0.,004240,0014 -0,3040,43 12 0,696 98
Uaupde =0,0365+0,0080 +5,0431.94 12 -0,822 99.9
Beldm ~0.013640,0022 +1.5640.51 12  -0,893 9949
Renaus —0.01830,0029 -0.9640.54 12 0,901 9949
Fortaleza ~0.007040,0011 ~0.82+40,16 12 -0,902 99,9
fatal —0.,0101+0.0021 -0.2940,23 12 =0.846 29.9
Porto Velho ~040155+0,0070 ~2.231.32 12 04579 95
Salvador —0.001240,0018 ~1.28+0.33 12  -D.204 N.8,
{uiaba —0.0294+0,0091 -0.1841.07 11 =0.731 98
Brasilia -0.017840.0652 ~-1.11+0.87 9 ~0.794 98
Rio de Janeire -0.018140,0039 -1.8530.40 10 -0.827 99,9
Mrica & Eastern Atlantic
Sa0 Tomé Is. ~0,01914+0,0062 -1.09%+0.58 10 0,737 98
Entebbe ~0.012430.0039 —0,6740,52 12 0,712 99
lar es Salaam ~0,011040,0029 -0.8340,27 12 -0, 774 99
Yalange ~04012340.0071 =2.4040.90 2 -0.549 20
8t, Helena Is, =0.0135+0,0046 ~0.2940,34 12 ~0.675 e 1a]
Tananarive 0.0174+0.0048 -3.0140.61 11 -0.771 99
dgig & Indian QOcean
Hong Kong ~0,013640,0029 -1.9240.54 12 0,828 99.9
Bangkok -0.027130,0051 ~1.07%0.64 11  -0,871 9%,9
Singapore =0.019240,0072 -3.46%1.29 12 ~0.648 95
Djakarta ~0,007040.0018 =3.92+0.28 12 «0 4T 99
Mego Garcia =(0,013440,0017 —0.25:0.3’{ 12 -0,930 999
dustralia & Pacific
nld“ay Is. "0.001?““‘0.0‘052 -1.94i0.53 12 -0-105 NeEa
Kilo, Hawaii Is. ~0,0045+0,0018 ~0,91+0.48 12  -0.641 95
Vake Is, =0,021240,0033 +0.1440.25 12 =0,301 99.9
Jomston Is, ~0,025040,0070 —0.0340.47 12 -0,749 99
Guan I, —0,0196+0,0024 +«0.6580.52 12 0,936 99,9
Yop I=, =0,0175+0,0046 ~0.85+41,07 12 -0.778 29
Tk Ie, =0,014040,0037 -0.66x1.10 12 ~07TL 9%
Dja japura ~0,0064+0,0040 ~4.69+0.81 12 ~0.459 0
¥adang =0,020740,0031  ~1.0940.86 12 ~0,508 99.9
Darwin ~0,0094+0,001% -1,34+0.38" 9 ~0,884 99
Apia —0,013940.,0025 -0,2240.62 12 ~0,874 99.9
Rarotonga —0,0105+0,0027 +0.58+0.65 12 ~0,782 99
Brishane +0,000940,0056 =3.6920.59 12 0.051 NeB,

N.B. a is the slope d&/dP of the correlation, and b is the &-intercept at P = 0.

nis

the number of months in the year for which the regression has been computed. The
level of significance is based cn the t-test,
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