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THE COASTAL OCEAN OFF THE WEST-

ern United States is a classic wind-
driven coastal upwelling system (1, 

2). During the warmer seasons of the year, 
strong northerly and northwesterly winds 
induce offshore transport of surface waters. 
Upwelling of cool, nutrient-enriched water 
from depth (Fig. 1) balances the resulting 
loss of surface water near the coast and 
infuses essential plant nutrients to the sur­
face layers of the ocean. Rich phytoplankton 
growth supports an abundant trophic pyra­
mid, including valuable fishery resources 
and important seabird and marine mammal 
populations (3). Cooling and stabilization 
of the onshore air flow by contact with the 
upwelled surface waters leads to the cool 
summer climate of the adjacent coastlands 
(4). Similar upwelling systems occur in the 
other major subtropical eastern ocean 
boundary regions; examples are the Canary 
current system off the Iberian Peninsula and 
northwestern Africa, the Benguela current 
system off southwestern Africa, and the Peru 
current system off western South America. 
Upwelling in all of these regions tends to be 
highly seasonal in temperate latitudes, 
where it peaks in the spring-summer, but 
tends toward year-round continuity in the 
more tropical portions (1). 

The vigorous alongshore wind that drives 
coastal upwelling in these systems is main­
tained in part by a strong atmospheric pres-
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sure gradient between a thermal low-pres­
sure cell that develops over the heated land 
mass and the higher barometric pressure 
over the cooler ocean (5). Because of the 
large-scale atmospheric subsidence occur­
ring in the eastern limbs of the subtropical 
gyres, and also because of the stabilized, 
dehumidified onshore air flow, the areas of 
these coastlands inland of the direct influ­
ence of coastal stratus and fog are character­
ized during the upwelling seasons by dry 
Mediterranean-type (or desert) climates and 
clear atmospheric conditions (4). The clear 
conditions lead to strong daytime heating by 
short-wave solar radiation, particularly in 
interior valleys such as the Central Valley of 
California, and rapid nighttime, long-wave 
radiative cooling. 

Recent decades have seen a substantial 
build-up of C 0 2 and other greenhouse gas­
es in the earth's atmosphere (6). Resulting 
inhibition of nighttime cooling and en­
hancement of daytime heating should lead 
to intensification of the continental thermal 
lows adjacent to upwelling regions. This 
intensification would be reflected in in­
creased onshore-offshore atmospheric pres­
sure gradients, intensified alongshore winds, 
and accelerated coastal upwelling circula­
tions (Fig. 1). As a positive feedback, the 
cooling of the ocean surface that results 
might locally intensify the low-altitude baro­
metric highs at the oceanic sides of the 
onshore-offshore pressure gradients. 

No routine observations of actual rate of 
upwelling are available. Accordingly, a 
coastal upwelling index based on an estimate 

Global Climate Change and Intensification of 
Coastal Ocean Upwelling 

ANDREW BAKUN 

A mechanism exists whereby global greenhouse warming could, by intensifying the 
alongshore wind stress on the ocean surface, lead to acceleration of coastal upwelling. 
Evidence from several different regions suggests that the major coastal upwelling 
systems of the world have been growing in upwelling intensity as greenhouse gases 
have accumulated in the earth's atmosphere. Thus the cool foggy summer conditions 
that typify the coastlands of northern California and other similar upwelling regions 
might, under global warming, become even more pronounced. Effects of enhanced 
upwelling on the marine ecosystem are uncertain but potentially dramatic. 
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The highest intensity core of the Califor-
nia Current upwelling system is situated in 
the Point Arena-Cape Mendocino region 
near 39"N (1).The equatorward alongshore 
wind stress during the spring-summer up-
welling season, derived on the basis of the 
upwelling index methodology, has appar-
ently intensified in the 30-pear period 1945 
to 1975 (Fig. 2A). Since 1975 the stress 
values have trended back toward the mean 

Fig. 1.  A conceptual diagram of the coastal for the entire (-40-pear) period. Actually, 
upwelling process [modified from (6)].The coast the ~ e r i o dsince 1975 has been one of 
is represented in cutaway view and the ocean is to anomalously warm conditions in the ocean
the left. Offshore transport in the surface Ekman 
layer driven by the alongshore stress of the wind off California (9);whether warm ocean con-
on the sea surface is replaced by upwelling from ditions could have affected the onshore-
depth. offshore pressure gradient by lessening the 

relative barometric high at the oceanic end 
of the alongshore wind stress (that is, the of the gradient is unclear. In any case, 
driving force for upwelling) has been used substantial, natural interyear and interdeca-
to indicate variations of intensity of upwell- dal variability should be superimposed on 
ing in the California Current region (5, 7). any trends related to climatic warming. Cer-
Wind observations reported by ships at sea tainly, the trend line fitted to the values in 
tend to be irregularly distributed in time and Fig. 2~ indicates a trend toward substantial-
space. In order to produce homogeneous ly increased southward wind stress off the 
time series, the upwelling index computa- coast of northern California, even over the 
tions are based on analyzed fields wherein entire 1946 to 1988 period. 
the geostrophic constraint is employed to Because of the spahal spreading of infor-
incorporate data on both wind and baro- mation in the analysis procedures, the up-
metric pressure, and information is spread in welling index series at different locations in 
time and space to fill data voids and to the s&e region do not represent indepen-
detect erroneous reports (8). dent verificationsof the trend. However, the 
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index series do reflect significant spatial dif-
ferences in the California current region (5, 
7). All of the spring-summer seriesfor this 
region (Table 1) show a trend toward in-
creased intensity of upwelling-producing 
wind stress, except for the series located at 
24"N and 27"N. These two locations are off 
Baja California, where the waters of the Gulf 
of California rather than continental land 
surface o c c u p ~the interior and where there-., 
fore the proposed mechanism would be 
ineffective. 

Off the Iberian Peninsula in the northeast-
ern Atlantic Ocean, a 35-year trend toward 
increased wind stress during the spring to 
summer upwelling season (Fig. 2B and Ta-
ble 1)has been reported (10). Farther south 
in the Canary current region (southern Mo-
rocco; 28"N), annual mean values of upwell-
ing are available for the period 19-46 to 
1981 (11). In this area, coastal upwelling, 
while peaking in the summer, tends to per-
sist throughout the year (12).Therefore, the 
use of the mean values, although not ideal, 
appears acceptable. Again, the general in-
creasing trend is pronounced (Fig. 2C and 
Table 1). 

The upwelling system off Peru presents an 
extreme tropical case; coastal upwelling con-
tinues throughout the year and is actually 
somewhat more intense in austral winter 
than in summer (1). Because of the low-
latitude location and correspondingly weak-
ened geostrophic constraint, upwelling in-
dex computations are not appropriate. 

Table 1. Location calendar months incorporated 
in annual data, slope of the linear trend [signifi-
cance: * = P < 0.05; ** = P < 0.01; (30)],and 
standard error of that slope, for averages of 
monthly alongshore wind stress series. 
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Here, wind stress estimates based on indi- 
vidual wind reports from ships at sea have 
been averaged by month over an area of 
coastal ocean between 4.5"s and 14.5"s 
latitudes (13, 14). The long-term increasing 
trend in equatonvard alongshore wind stress 
is not only clearly evident during the spring 
to summer half of the pear (Fig. 2D), but 
also during fall to winter (Fig. 2E). 

The procedures used to derive the various 
time seiies from the available data bases have 
been consistently applied over the entire 
record. The analyzed data fields forming the 
data base for the upwelling index computa- 
tions (5) have been routinely produced 
throughout the record period in support of 
weather forecasting activities. Because of the 
extended period i f  assembly of these data, 
one wonders if artificial inhomogeneities 
could have crept in to produce the indicated 
trend (such as the transition from subjective 
hand analysis to objective computer analysis, 
altered data distributions due to changes in 
shipping routes, or establishment of new 
coastal reporting stations in data-poor ar-
eas). ~ecause  thk analysis procedures act to 
spread available information in time and 
space, one cannot look to upwelling index 
series computed at nearby l&ationsfor in-
dependent corroborations. 

The area off Spain and Portugal is much 
higher in maritime data density than the 
other major eastern ocean upwelling re-
gions, including California ( I ) .  Here, four 
strictly independent (sharing no data) series 
of monthly means of wind stress estimates 
have been constructed from ship reports 
available in each of four adjacent 5" latitude 
by 5" longitude quadrangles (Fig. 3). Al-
though details of the shorter scale interyear 
variability appear somewhat different 
among the fob; series, they all corroborate 
(Fig. 4 and Table 1) the increasing trend 
indicated in Fig. 2B. 

Thus data from widely separated areas . -
around the world suggest that the equator- 
ward alongshore wind stress that drives 
coastal upwelling has been increasing during 
the respective upwelling seasons of the past 
40 years. In seasons when upwelling is weak 
or absent, no consistent pattern of increas- 
ing equatonvard stress is apparent (for ex- 
ample, off California the slopes of the trend 
lines for the series of October to March 
means are weakly negative; off the Iberian 
Peninsula the fall-winter series exhibit a 
mixture of weakly positive and weakly nega- 
tive trends). Thus the increasing trend in 
equatonvard stress is observed only during 
the upwelling seasons. These are the only 
seasons during which thermal lows in sur- 
face atmospheric pressure develop over the 
adiacent land mass and therefore in which 
the hypothesized greenhouse mechanism 

Fig. 3. Four 5" by 5" quadrangles (areas labeled 
A, B, C, and D) off the Iberian Peninsula in which 
sea surface wind stress estimates based on mari- 
time wind reports were summarized to produce 
monthly time series shown in Fig. 4. The mean 
latitude and longitude of the reports available in 
each of the areas over the period 1948 to 1979is 
marked by an "x" surrounded by a s m d  circle. 

could operate. 
when the various series are differenced. 

effectively removing the linear trends, signif- 
icant interregional correlation among the 
time series vanishes. Evidently, the only 
feature shared among regions is the long- 
term trend. Other known types of global 
teleconnections, such as El Nifio-Southern 
Oscillation, are known to be evident in 
shorter period components of interannual 
variability. The substantial shorter period 
interannual variability evident in the time 
series (Fig. 2) is apparently not shared 
among regions to any significant degree. A 
greenhouse mechanism is consistent with 
the simple monotonically increasing trend 
that corresponds to the observed interre- 
gional pattern. Moreover, simulations of 
increased atmospheric COz with general cir- 
culation models suggest that southward 
wind stress will increase in the spring and 
summer off northern California (15). 

Intensification of coastal upwelling along 
sub~ropical and tropical eastern ocean 
boundaries would have important conse-
quences. Evidently, with increased global 
warming, the coastal surface waters in these 
regions could cool relative to the surfaces of 
either the continental land mass on one side 
or the ocean interior on the other. With 
greater temperature contrast at the land-sea 
boundary, summer sea breezes would tend 
to be enhanced. Cool, foggy, summer condi- 
tions at the coast could become even more 
pronounced and wind flow through passes 
in coastal mountain ranges toward the heat- " 
ed interior valleys could strengthen. The 
onshore air flow might become even more 
stable and less humid because of enhanced 
heat loss to the relatively cool ocean surface; 
thus the coastal zone inland of the fog zone 

might become even more arid during up- 
welling seasons. 

Effects on the marine ecospstem are more 
difficult to gauge. Short-term climatic 
warmings, associated with intense El NiAo 
episodes, have recently occurred in the Peru 
(14) and California (20) systems. But the 
specific dynamics underlying El Nifio (1 7) 
are most likely not identical to those con- 
trolling effects of climate warming. More- 
over the distribution of biological popula- 
tions, as well as their abundance, appear 
often to be more related to the dynamic 
physical processes that control various pat- 
terns in the ecosystem (18, 19)than to direct 
effects of temperature itself. For example, 
recent empirical results (20) indicate that 
reproductive success of pelagic fishes in up- 
welling regions depends on the winds being 
neither so weak that there is insufficient 
upwelling to enrich the trophic pyramid nor 
so strong that turbulent mixing of the water 
column prevents maintenance of fine-scale 
concentrations of minute food organisms 
essential to larval survival. 

In projecting direct phj7siological effects 
of climatic warming on organisms, a first 
inclination might be to merely increment 
present characteristic isotherm patterns and 
to predict changes in biological distributions 
according to the resulting translocation of 

1950 1960 1970 1980 
Year 

Flg. 4. Six-month (April to September) averages 
of monthly estimates of alongshore wind stress 
produced from ship reports within the four areas 
(A, B, C, and D) shown in Fig. 3. Short dashes 
indicate the long-term mean of the series. Longer 
dashes indicate the linear trend fitted by the 
method of least squares. 
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temperature ranges. Clearly, there are prob- 
lems with such a procedure. Also, care must 
be taken in using evidence from past wasm 
epochs, where various causal aspects of the 
warming have been somewhat different, to 
predict the effects of greenhouse warming 
on the ocean ecosystem. The dynamic ocean 
processes that determine the temperature 
distributions could be hdamentally al-
tered. 

In the absence of counteracting effects 
(ZI), intensified upwelling would tend to 
enhance primary organic production in 
these systems. But whether this increased 
primary production would be channeled to 
trophic components that society particularly 
values is unclear. There has been little clear 
demonstration that increased primary pro- 
duction actually promotes reproductive suc- 
cess and population growth of commercial 
fishes (19, 22). For example, increased pro- 
duction might be channeled to the mesope- 
lagic fish communities that are diffused over 
wide areas and thereby largely lost from the 
neritic ecosystem. In addition, increased or- 
ganic production might cause large areas of 
these systems to become anoxic at depth 
(23) and thereby promote sedimentation of 
unoxidized organic matter on the sea floor. 
In any case, if primary production increases, 
the rate at which carbon is sequestered 
beneath the ocean thermocline should like- 
wise increase, and thus the rate of buildup of 
C 0 2  in the atmosphere should be reduced. 

If greenhouse warming leads to less global 
temperature contrast between tropical and 
polar regions, ocean basin-scale atrnospher- 
ic and ocean circulations might slow down 
(24). However, as this example indicates, 
there is a competing tendency toward inten- 
sification where oceanic-continental tem-
perature contrasts are involved. Many of the 
consequences of global climate change to 
marine ecosystems and also to marine-influ- 
enced terrestrial systems could depend on 
the relative importance, in each local situa- 
tion, of these competing effects. 
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Ozone Control and Methanol Fuel Use 

Methanol fuel use in motor vehicles and stationary combustion has the potential to 
improve air quality. A modeling study of methanol fuel use in Los Angeles, California, 
shows that the low chemical reactivity of methanol vapor slows ozone formation and 
would lead to lower ozone concentrations. Predicted peak ozone levels decreased up to 
16 percent, and exposure to levels above the federal standard dropped by up to 22 
percent, when pure (M100) methanol fuel use was simulated for the year 2000. Similar 
results were obtained for 2010. Use of a gasoline-methanol blend (M85) resulted in 
smaller reductions. Predicted formaldehyde levels and exposure were not increased 
severely, and in some cases declined, in the simulations of methanol use. 

VER HALF OF THE PEOPLE I N  THE 

United States live in areas that 
experience ozone levels above the 

limits set by the National Ambient Air Qual- 
ity Standards (NAAQS). Compliance with 
the standard is proving to be a difficult task. 
One measure that has been proffered as a 
solution is the use of alternative, "clean" 
fuels in motor vehicles. Federal, state, and 
local agencies are promoting, and have sug- 
gested mandating, use of clean fuels in order 
to reduce ozone and other components of 
urban smog (1). In particular, the use of 
alternative fuels is integral in the recent plan 
adopted for the Los Angeles, California, 
area, and the President's recent proposals 
would extend the use to other areas. Of the 
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fuels considered, methanol appears to be 
one of the most feasible for widespread use 
and improving air quality (2, 3). Several 
studies have shown that methanol, because 
of its low atmospheric chemical reactivity, 
could be effective in reducing the formation 
of photochemical smog and ozone (3, 4). 
The extent of improvement, and whether 
significant improvement would be realized 
at all during multiday smog episodes, has 
been brought into question by recent experi- 
ments (5) .Because methanol-fueled vehicles 
(MFVs) emit more formaldehyde than their 
gasoline-fueled counterparts, however, con- 
cern has also arisen over the possibility of 
increased ambient levels of formaldehyde. 
To evaluate better these concerns and to 
establish a scientific basis for future strate- 
gies, we have used a three-dimensional, Eu- 
lerian, photochemical air quality model to 
investigate how the use of methanol fuel 
would affect air quality. In this report, we 
use the model results to address (i) the 
impact of methanol on atmospheric chemi- 

REPORTS 201 


