
were successful (with the final result within 
2 to  3% of the global minimum). With this - 
degree of precision, the global minimum in 
all our test functions was "isolated" from 
local minima, so that the solution could 
always be refined to any desired accuracy by 
any local optimizer. We  used the findmini- 
mum routine, a built-in local optimizer in 
Mathematica (Wolfram Research, Cham- 
paign, Illinois), which we believe to be a 
variant of the Newton-Raphson method. 

Together with SA and GA, TS has been 
singled out as extremely promising for fu- 
ture practical applications (19). This work 
is a first step in applying the ideas and 
strategies of TS to continuous optimization. 
SA. GA. and TS are all based on a combi- 
nation of combinatorial optimization and 
concepts from rather unlikely fields. Thus, 
SA is inspired by statistical physics and in 
essence amounts to a numerical simulation 
of the physical annealing of solids where, by 
slowly decreasing the temperature from the 
molten state. the svstem solidifies in a state 
of minimum energy. Genetic algorithm re- 
lies on the Darwinian principle of evolu- 
tion: The  algorithm cross-breeds trial solu- 
tions and allows onlv the "fittest" to survive 
after several iterations. Taboo search stems 
from the general tenets of intelligent prob- 
lem-solving and is based on concepts from 
artificial intelligence. - 

Preliminary results for a standard set of 
test functions thus indicate that continuous 
TS is reliable and efficient, even more so 
than PRS and the multistart method. Ta- 
boo search reduces the amount of blind 
search that is characteristic of earlier tech- 
niques. The  results obtained with TS com- 
pare favorably with those obtained with 
SA. The  efficient outimization of the Hart- 
man family of functions is particularly en- 
couraging, given the great physical impor- 
tance of the sums of Gaussian functions. 

Our approach to continuous global opti- 
mization has several attractive features: (i) 
TS avoids entraDment in local minima and 
continues the search to give a near-optimal 
final solution; (ii) it is problem-independent 
and can be applied to a wide range of tasks; 
(iii) it does not require any information 
about the derivatives of the function to be 
minimized; (iv) it is very easy to implement 
and the entire procedure occupies only a few 
lines of code; and (v) it is conceptually much 
simuler than SA and GA. For instance, in- 
steid of using the metropolis algori;hm, 
choosing a cooling program, and specifying 
an annealing schedule (the initial and final 
temperatures, temperature decrement, and 
the length of the Markov chain), the ele- 
mentary version of TS (involving one taboo 
list and an aspiration function) requires only 
empirical control parameters: the size of the 
taboo list and a parameter defining the par- 
tition of the solution space. 

All the same, we are aware that no  
stochastic method can be guaranteed to - 
solve the multiple minima problem in a 
finite number of steps, and any method may 
require long computing times. Also, just 
like SA, TS is a heuristic method and thus 
requires theoretical justification. Its appeal 
is largely intuitive, and little theoretical 
analysis is available. Making the method 
more effective is thus necessarily a matter of 
numerical exnerimentation. 

The algorithm allows vectorization, and 
parallel computing could reduce computing 
time, especially in problems of a higher 
dimension. The method is also, ouen to 
further improvement. The introduction of 
concepts such as long-term memory, diver- 
sification of search, and strategic oscillation 
could reduce the number of iterations with- 
out improvement. More sophisticated ap- 
proaches to the neighborhood structure 
[different partitioning of the solution space 
or the use of techniques described (6)] may 
also be developed. 
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Simulation of Recent Global Temperature Trends 
Nicholas E. Graham 

Observations show that global average tropospheric temperatures have been rising 
during the past century, with the most recent portion of record showing a sharp rise since 
the mid-1970s. This study shows that the most recent portion of the global temperature 
record (1 970 to 1992) can be closely reproduced by atmospheric models forced only with 
observed ocean surface temperatures. In agreement with a diverse suite of controversial 
observational evidence from the past 40 years, the upward trend in simulated tropospheric 
temperatures is caused by an enhancement of the tropical hydrologic cycle driven by 
increasing tropical ocean temperatures. Although it is possible that the observed behavior 
is due to natural climate variability, there is disquieting similarity between these model 
results, observed climate trends in recent decades, and the early expressions of the 
climatic response to increased atmospheric carbon dioxide in numerical simulations. 

Observations indicate that global average 
surface air temperatures have been rising 
during the past century (1,  2). Whether this 
trend is real and if so what processes are 
responsible are questions that have been 
the subject of much discussion, particularly 
because increased tropospheric temperature 
is one of the most consistent results from 
simulations of the effects of increasing con- 
centrations of CO, and other greenhouse 

Climate Research Division, Scripps Institution of Ocean- 
ography, La Jolla, CA 92093, USA. 

gases (3). The recent portion of the global 
tropospheric temperature record is charac- 
terized by a sharp rise beginning during the 
mid-1970s, with the signal of the El Nifio- 
Southern Oscillation (ENSO) superim- 
posed on the lower frequency changes (4). 
The results presented here show that this 
most recent portion of global air tempera- 
ture record can be simulated closely by at- 
mospheric general circulation models 
(GCMs) forced only with observed global 
ocean temperatures. Analyses show that 
both the E N S 0  time scale changes and the 
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lower frequency upward trend in model 
global tropospheric temperatures are due 
principally to fluctuations in tropical pre- 
cipitation. These fluctuations in tropical 
~reci~itation. the manifestation of variabil- . . 
ity in the model hydrologic cycle, have 
been driven in turn bv changes in the ure- 
scribed sea surface teAperatu;es ( s sT~~.  

These findings are significant from a 
variety of perspectives. First, the agreement 
between the simulated and observed global 
average land surface air temperature adds 
further support to the validity of the recent 
observed record (5. 6). Second. the results . ,  7 

demonstrate that numerical models can 
play a useful role in monitoring and diag- 
nosing the physical processes responsible for 
climate change. Most important, the model 
results corroborate and link a diverse (and 
generally unaccepted) set of observational 
findings suggesting that the recent upward 
trend in. global temperature has been caused 
by an enhancement of the tropical hydro- 
logic cycle driven by increasing tropical 
ocean temperatures (4, 7-9). 

An important early result concerning 
the latter uoint was the demonstration of a 
close relation between fluctuations in trop- 
ical Pacific SSTs and changes in global 
surface air temperatures (4, 5, 10). This 
relation suggests that global tropospheric 
temperatures are modulated by changes in 
the tropical hydrologic cycle; that is, warm- 
er trouical SSTs cause increased evauora- 
tion and increased precipitation, thereby 
heating the atmosphere through the release 
of latent heat. Other observational studies 
have attempted to directly detect changes 
in the activity of the tropical hydrologic 
cycle. Although such studies necessarily 
relv on historical data that suffer from real 
and potential problems of various kinds 
(1 1 ,  12), the results have been generally 
consistent in suggesting an increasingly ac- 
tive tropical hydrologic cycle during the 
past few decades (7-9), particularly since 
the mid-1970s. These findings include evi- 
dence for increases in evaporation (5, IS), 
tropospheric moisture content (14-16), 
and precipitation over the tropical oceans 
and the tropical Pacific in particular (1 7- 
19). These changes. and other notable as- " ,  

pects of recent climate variability, have ap- 
parently been driven by increasing tropical 
SSTs (7, 8, 17, 19, 20). 

In a few cases, numerical model results 
have been used to help corroborate the 
observed changes in the tropical hydrologic 
cycle. In one of these, Gaffen and Barnett 
(21 ) showed that a numerical model 
(ECHAM1) driven with observed global 
SSTs reproduced the sharp (10 to 20%) rise 
in trouosuheric moisture content (as in- . . 
ferred from radiosonde measurements) over 
the tropics during the mid-1970s (1 4, 15). 
Other studies have used model results to 

Fig. 1. Observed global average land surface air 
temperatures (22) for the period 1900 to 1989, 
and the corresponding results from the ECHAM2 
GLBL simulation, 1970 to 1988. 

support the idea that this sharp climate shift 
was a result of changes in the tropical hy- 
drologic cycle (1 7, 19, 22). 

A final point relating to the signifi- 
cance of the findings presented here is 
that numerical simulations of the effects of 
increased atmospheric C02 show that a 
trend toward an enhanced tropical hydro- 
logic cycle is a consistent and highly de- 
tectable signature of the early phases of 
greenhouse warming (3). Given the obser- 
vational evidence for such a trend and the 
corroborating evidence from numerical 
simulations presented here, this point is of 
some concern. 

Four observational data sets are used in 
the analvses uresented here. Global surface , . 
air temperature data come from two gridded 
data sets. The first of these, described by 
Jones et al. (23), covers the period 1851 
through 1992 and was compiled by careful 
inspection and compositing of the records 
from thousands of land observing stations. 
These data are supplied on a 5" latitude by 
10" longitude grid. The second of these data 
sets, constructed by Ropelewski and Halpert 
(24) using similar quality control proce- 
dures, covers the period 1970 to 1992 on a 
2.5" by 2.5" grid. Comparison of these two 
temperature records during this period 
shows excellent aereement over the conti- 

.2 

nental tropics and Northern Hemisphere 
(correlations above 0.95), with poorer 
agreement over the Southern Hemisphere. 
In all cases. the surface air temuerature data 
presented here are from continents and very 
large islands (for example, Greenland) only; 
data from oceanic areas and smaller islands 
have been excluded. 

The observed land precipitation data 
used in these analyses, described by Eischeid 
and co-workers (25), covers the period 1851 
through 1991 and is supplied on a 4" lati- 
tude by 5" longitude grid. Observations of 
satellite-derived outgoing long-wavelength 
radiation (OLR) are used as a proxy for 
oceanic tropical precipitation (26). These 

data, originally 5-day averages on a 2" by 2" 
grid covering the period 1974 to 1987 (with 
some gaps), were processed into monthly 
averages on the ECHAM2 model's 5.5" by 
5.5" grid. Actual and potential problems 
with the OLR data have been documented 
(27) but have minimal impact on the re- 
sults presented here. Furthermore, the find- 
ings based on OLR have been corroborated 
with other data (1 7, 18). 

Simulated data from three atmospheric 
models are used in the analyses presented 
here. Two of these are versions of the 
climate model evolving at the Max Planck 
Institute of Meteorology at the University 
of Hamburg, denoted ECHAM2 and 
ECHAM3 (28). The models differ in pa- 
rameterization~ of physical processes and 
in their spatial resolutions of about 5" and 
2.5" (spectral truncations T21 and T42), 
respectively. 

Most of the results presented here are 
from a 19-year simulation with the 
ECHAM2 model in which observed SSTs 
were prescribed globally (designated the 
GLBL simulation). Also mentioned are re- 
sults from two other simulations with the 
ECHAM2 model (9, 17). In one of these, 
observed SSTs were prescribed equatorward 
of approximately 30" latitude, with climato- 
logical SSTs elsewhere. In the other, ob- 
served SSTs were prescribed poleward of ap- 
proximately 30" latitude, with climatological 
SSTs elsewhere (designated the EXTROP 
simulation). The ECHAM3 results come 
from one simulation covering the period 
1970 to 1978 and the average of five simu- 
lations covering the period 1979 to 1992. 
Observed global SSTs were prescribed in 
each of these latter simulations, with differ- 
ent atmospheric initial conditions. Results 
are also shown from the GCM developed by 
the Coupled Model Project at the National 
Meteorological Center (NMC) (29). This 
model has vertical and horizontal resolution 
similar to that of the ECHAM3 model but 
uses different physical parameterizations. 
The data presented from this model are the 
average of nine simulations covering the pe- 
riod 1982 to 1993. Aside from SST, there 
were no changes in prescribed boundary con- 
ditions, atmospheric composition, or the so- 
lar constant during any of these simulations. 

Figure 1 shows the smoothed (30) 
record of observed global average land sur- 
face air temperature over the period 1900 
to 1989 [data of Jones et al. (I)]. In the 
observed record, the most distinctive fea- 
tures are a relatively rapid rise in temper- 
ature between 1920 and 1940, a slow de- 
crease from 1940 until the mid-1970s, fol- 
lowed by another period of rapid temper- 
ature increase. Also shown in Fig. 1 are 
the results from the ECHAM2 GLBL sim- 
ulation. The model closely reproduces the 
trend toward increasing tropospheric tem- 
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peratures since the mid-1970s. 
Figure 2 shows the smoothed record of 

observed global surface temperature data 
[data of Ropelewski and Halpert (24)] and 
the results from the ECHAMZ GLBL, 
ECHAMZ EXTROP, ECHAM3, and NMC 
simulations for the period after 1970. There 
is clear agreement between the observations 
and the model results for the simulations 
with global SSTs (31), with each record 
showing the association with ENS0 activ- 
ity noted by Newel1 and Weare (lo),  Pan 
and Oort (5), and Angel1 (4) and the trend 
toward warmer tropospheric temperatures 
since the mid-1970s (1, 2, 4). In contrast, 
the results from the ECHAM2 EXTROP 
simulation show little agreement with the 
observations, indicating that the model- 
data agreement in global land surface air 
temperature in the other simulations is due 
to the effects of tropical SSTs. Other com- 
parisons (9) demonstrate that the 
ECHAM2 simulation forced with tropical 
SSTs shows a trend toward warmer global 
temperatures after the mid-1970s (31 ). 

In light of the model-data agreement 
demonstrated in Figs. 1 and 2, it is of inter- 
est to consider how changes in tropical 
SSTs were communicated to the model at- 
mosphere and how the model atmosphere 
responded. The temporal evolution of the 
dominant components of the model atmo- 
spheric heat budget from the ECHAM2 
GLBL simulation (Fig. 3) shows that vari- 
ability in the simulated atmospheric heat 
budget was dominated by changes in latent 
heat flux (that is, precipitation), which 
shows swings of 2 2  W m-2 in the global 
average during the simulation. A relation 
between the simulated latent heat flux and 
ENS0 variability is also apparent, with 
peaks associated with the increased orga- 
nized convection over the tropical Pacific 
during the 1972,1982 to 1983, and 1986 to 
1987 warm episodes. From the perspective 
of long-term change, the record shows a 
trend for increasing values since the mid- 
1970s with a total change in simulated 
global latent heating between 1970 and 
1988 of about 1 W mP2, about 1.5% of the 
global mean. Also demonstrated in Fig. 3 is 
that OLR was the dominant term in the 
model tropospheric heat budget acting to 
counter the effects of the increased latent 
heating, and the inverse relation between 
those two flux terms is apparent. However, 
the fluctuations in OLR are not as large as 
those in latent flux, and to first order it is 
this difference that leads the increase in 
tropospheric temperatures after the mid- 
1970s. Model OLR increased (recall that 
increased OLR represents a loss of energy 
from the atmosphere) by about 0.7 W mP2 
(about 0.3% of the global average) between 
1970 and 1988. 

The other term in the model heat budget 

that contributed to an important degree to 
the low-frequency changes in simulated tro- 
pospheric temperature was upwelling (from 
the surface into the atmosphere) thermal 
radiation. Because of increases in tiopo- 
spheric water vapor content, global up- 
welling thermal radiation from the surface 
decreased by perhaps 0.2 W m-2 (about 
0.3% of the mean value) during the simu- 
lation. Of course. in the simulation most of 
this heat is lost because ocean surface tem- 
peratures are prescribed (land surface tem- 
peratures are calculated by the model). In a 
coupled system, however, this heat would 
be absorbed by the ocean and would thus 
contribute to further warming. In compari- 
son with the three dominant flux terms 
described above, changes in sensible heat- 
ine and solar absomtion had little effect on - 
the low-frequency temperature changes 
(32). 

Even if only qualitatively correct, these 
results have important implications. They 
suggest that at time scales of years to dec- 
ades the changes in global average surface 
air temperature observed during the 1970s 
and 1980s were driven almost entirely by 
changes in tropical SSTs. The variability in 
SST was communicated to the atmosphere 
through changes in tropical precipitation 
and evaporation. This is essentially the 
same suite of changes inferred by Pan and 
Oort (5) and Flohn et al. (7, 8) on the basis 
of observations. 

The spatial structure of the changes in 
SST during the mid-1970s is evident in a 
map of the difference between the average 
surface temperatures for 1971 to 1976 and 
the means for 1977 to 1982 (33, 34) (Fig. 
4A). One of the most apparent features is a 
wedge-shaped region in the Pacific where 
SSTs increased by 0.6" to 0.8"C. This re- 
gion extends westward from the apex on the 
equator near the date line to the west coasts 
of North and South America near 40" lat- 
itude (of particular interest is the fact that 

Fig. 2. Observed global average land surface air 
temperatures (23) for the period 1970 to 1991 
(both panels) from the ECHAM2 GLBL simulation 
(upper) and the ECHAM3, NMC, and ECHAM2 
UCTROP simulations (lower). 

this Dattern of anomalous SSTs has recurred 
frequently in recent years). Warmer water is 
also found over much of the Indian and 
subtropical North Atlantic oceans. Cooler 
water is found over the mid-latitude North 
(1 7, 19, 35) and South Pacific and the 
subtropical South Atlantic. The distribu- 
tion of differences in simulated evaporation 
for the two sets of 6 years (9) resembles that 
for SST (Fig. 4A), showing a trend toward 
increased evaporation over warmer water. 
The lareest increases are in the central trou- - 
ical Pacific, where values reach up to about 
15 W mP2 (about 0.5 mm day-'). 

The energy transferred from the ocean to 
the atmosphere by evaporation is expressed 
as atmospheric heating when condensation 
and precipitation occur. Figure 4B shows 
the 6-year differences in precipitation from 
the ECHAMZ simulation, expressed in 
watts per square meter (36). The largest 
increases in simulated precipitation (30 to 
45 W mP2) are found in a small region of 
the equatorial Pacific between 170°E and 
180°, with an area of more modest increases 
extending toward the east-southeast. In- 
creased precipitation is also depicted over 
large areas of the central and eastern sub- 
tropical Pacific and much of the Indian 
Ocean. Large decreases in simulated precip- 
itation are depicted over Indonesia, eastern 
South America, and eastern Africa. De- 
creased precipitation is also indicated over 

4.5 L I 
1970 1975 1980 1985 1990 

Year 

Fig. 3. Components of the atmospheric heat bud- 
get from the ECHAM2 GLBL simulation. Positive 
(negative) values indicate more (less) heat re- 
leased into the atmosphere. 
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much of China, India, and northern South For direct comparison with the changes 
America and flanks the equatorial rainfall in simulated precipitation (Fig. 4B), Fig. 4C 
maximum in the western tropical Pacific. shows corresponding 6-year differences in 

precipitation from the data of Eischeid et al. 
(25). There are several points of agreement 
between the observed and simulated fields. 
but one of the most obvious is that both 
show drier conditions during the latter set 
of 6 years over many tropical land regions, 
including much of tropical eastern Asia and 
northern South America. Over the central 
equatorial Pacific, the coverage provided by 
this data is quite limited, but the available 
data are consistent with the simulated pat- 
tern in suggesting an area of large increases 
in precipitation extending east-southeast 
from near the date line, with decreased 
precipitation to the north. 

Because variability in simulated precipi- 
tation over the west-central tropical Pacific 
contributed importantly to the changes in 
simulated global temperatures (Figs. 3 and 
4B), it is critical to establish that such 
major increases in precipitation can be doc- 
umented in the observed record. Evidence 
suggesting that such an increase in precip- 
itation did occur comes from studies of the 
major climate shift over the Pacific during 
the mid-1970s (1 7, 19). These studies show 
that this climate shift coincided with sharp 
increases in satellite-inferred precipitation 
(OLR) in the west-central equatorial Pacif- 
ic. Using statistical and numerical model 
results, the authors of these studies con- 
clude that the large-scale circulation chang- 
es that accompanied the climate shift re- 
sulted from the changes in precipitation 
over the tropical Pacific, which in turn 
were forced by the increased SSTs in that 
region (Fig. 4A). Figure 5 depicts differenc- 
es between the average OLR values for 
January 1977 to June 1982 and the averages 
for June 1974 (the first month that OLR 
data are available) to December 1976 (over 
the tropical oceans, lower OLR values are 
typically indicative of higher precipitation; 
this is especially true of the area in ques- 
tion). Also depicted are the differences in 
simulated precipitation for the same period, 
with data only from those months when 

Fig. 5. Obsewed and simulated precipitation from 
tropical continental regions (left scale) and simu- 
lated precipitation over tropical oceans (right 
scale); simulated data come from the ECHAM2 
GLBL simulation. 

Fig. 4. Differences in 6-year means for 1977 to 1982 less 1971 to 1976 for (A) observed SST, (B) 
simulated precipitation, and (C) observed precipitation. Simulated data are from the ECHAM2 GLBL 
simulation; red (blue) denotes increased (decreased) flow of heat into the atmosphere. 
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OLR data were available. The two maps 
agree in indicating large increases in precip- 
itation near the date line in the equatorial 
Pacific during the years after 1976; the 
changes in simulated precipitation in this 
region of about 2 mm day-' represent about 
20% of the simulated annual mean in that 
region. Recently, additional evidence sup- 
porting the reality of the increases in pre- 
cipitation in the tropical Pacific near the 
date line has become available (18). This 
evidence, in the form of analyses of histor- 
ical ~ rec i~ i t a t ion  data from the western and . . 
central tropical Pacific, shows magnitudes 
and spatial patterns that are quite consis- 
tent with those seen in the simulated pre- 
cipitation data in Figs. 4B and 5. 

As pointed out earlier, a notable point of 
agreement between observed and simulated 
changes in precipitation (Fig. 4, B and C)  is 
the indication of decreasing precipitation 
over extensive regions of the continental 
tropics after the mid-1970s. Figure 6 shows 
the simulated and observed records of aver- 
age precipitation over tropical continental 
regions (that is, regions that the ECHAMZ 
model considers to be land). The records 
show clear agreement (37) in indicating 
large fluctuations in tropical land precipita- 
tion during the early 1970s followed by a 
sharp decline after 1976. This decline of 
about 0.3 mm day-' represents a substantial 
11% of the average (2.7 mm dayp1). This 
out-of-phase relation between continental 
and oceanic precipitation is also found in 
the ECHAM3 model results. 

A further comparison between the ob- 
served and simulated indices of the tropical 
hydrologic cycle is presented in Fig. 7, which 
shows observed [after Flohn et al. (8), see 
also (13)] and simulated (ECHAMZ GLBL) 
records of the near-surface vertical gradient 
in specific humidity (64) (38) over the glob- 
al near-equatorial oceans between 1970 and 
1988 (39). The qualitative agreement be- 

tween the observed and simulated records is 
apparent, with each record showing fluctu- 
ations associated with ENS0 activity and a 
lower frequency upward trend in @ of about 
4% between 1970 and 1988. This agreement 
between the simulated and observed records 
of 64 is important because the results pre- 
sented above indicate that during recent 
decades global average precipitation and 
temperature have been controlled largely by 
tropical evaporation. This suggests that es- 
timates of observed tropical evaporation 
based on historical ship observations might 
provide a diagnostic forpast changes in the 
global tropospheric heat budget. Such esti- 
mates of observed oceanic evaporation are 
often calculated as proportional to the prod- 
uct of the wind speed and @. When such 
estimates are made for the past 40 years, 
they show a large upward trend in tropical 
evaporation of about 5% (about 5 W m-2) 
per decade since 1950 (8, 13). Approxi- 
mately 60% of this increase is due to an 
upward trend in observed marine wind 
speeds that other evidence strongly suggests 
is artificial (12). The model results are in 
agreement with this latter evidence and 
show a slight decrease in tropical marine 
surface wind speeds during the simulation 
(40); thus, the trends in simulated evapora- 
tion (and precipitation and global tempera- 
ture) are due almost entirely to changes in 
6q. If actual tropical marine evaporation is 
estimated assuming no change in surface 
wind speeds (8), the simulated and observed 
records of marine evaporation agree closely 
in indicating an upward trend of about 2% 
per decade over the period 1970 to 1988, 
much as suggested by the records of @ de- 
picted in Fig. 7. 

As a final comparison between observed 
and simulated indices of the tropical hydro- 
logic cycle, Fig. 8 shows vertical profiles of 
variability in tropospheric temperature and 
moisture content from the western Pacific 

Fig. 6. Differences in observed OLR (upper) and simulated precipitation (ECHAM2 GLBL simulation) 
(lower) for the period January 1977 through June 1982 less those from June 1974 through December 
1976; only those months when observed OLR data are available have been used in both. 

over the period between 1974 and 1988 
(1 6, 41 ). These distributions were calculat- 
ed by partitioning the temporal specific hu- 
midity record at each level into a linear 
trend and the detrended residual, then ex- 
pressing the variability in each component 
as a standard deviation. The two profiles of 

5.3 1 v I 
I 

1970 1975 1980 1985 1990 
Year 

Fig. 7. Simulated 6q (ECHAM2 GLBL) and that 
based on observations [after Flohn et a/. (8)]. 

Observed 

Q (9lkg) 
Model 

Fig. 8. Simulated (ECHAM2 GLBL) and observed 
[after Gutzler (76)] vertical profiles of standard de- 
viations variability in tropospheric temperature (u,) 
and specific humidity (u,) over the western tropi- 
cal Pacific. As in ( I @ ,  the solid curves show stan- 
dard deviations due to the linear trend, and the 
dashed curves show the standard deviations due 
to all other variability except the annual cycle. 
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observed temperature variability (represent- 
ing high- and low-frequency variability, re- 
spectively) have similar vertical structures, 
with each showing a steadv increase in al- 
titude (42). In contrast, the moisture vari- 
ability profiles show quite different struc- 
tures. The profile for the linear trend shows 
the rnaxirnum value at 1000 mbar and then 
decreases with height (43), and the higher 
frequency variability shows a peak in vari- 
ability near 750 mbar. 

The  lower panels in Fig. 8 show the 
corresponding profiles of moisture and tem- 
perature variability from the ECHAM2 
GLBL sirnulation. The temnerature vari- 
ability profiles are quite similar to those 
estimated from the observations. The mois- 
ture variability profiles agree with the ob- 
served distributions in that the ~rofiles for 
high- and low-frequency variability are 
quite different, with the former showing a 
peak near 700 mbar. The profile for the 
linear trend shows values 30 to 50% of 
those observed but correctlv decreases with 
height from near the surface. 

These results show that the recent UD- 
ward trends in global tropospheric temper- 
ature have been caused principally by an 
increasingly active tropical hydrologic cycle 
driven by increasing tropical ocean temper- 
atures. This finding emphasizes the impor- 
tance of the tropical hydrologic cycle as a 
fundamental index of global climate and 
climate change (44). A key question regard- 
ing the genesis of recent climate changes is 
how warmer-than-normal SSTs have been 
maintained over much of the global tropics 
since the mid-1970s during which evapora- 
tive fluxes have apparently increased by 
about 5%. It is troubling that the suite of 
observed and simulated changes suggesting 
an  enhanced tropical hydrologic cycle are 
similar in important respects to the early 
manifestations of the climatic response to 
increasing concentrations of greenhouse 
gases (3, 7, 9 ,  20). Of course, the results 
presented here are not inconsistent with 
the possibility that the observed trends in 
the hydrologic cycle are simply the result of 
natural variability. Nevertheless, the simi- 
larity between recent observations of cli- 
mate change and the early responses seen in 
simulations of greenhouse warming coun- 
sels caution in dismissing both as spurious. 
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