Global Climate Change and Intensification of
Coastal Ocean Upwelling
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A mechanism exists whereby global greenhouse warming could, by inxensifymg the
alongshore wind stress on the Ocean surface, lead to acceleration of coastal upwelling.
Evidence from several W e r e n t 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 typlfy 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.

T

HE COASTAL OCEAN OFF THE WEST-

ern United States is a classic winddriven coastal upwelling system ( I ,
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 surface layers of the Ocean. Rich phytoplankton
growth ~ ~ p p oanr tabundant
~
trophic pyramid, including valuable fishen 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 Canan
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
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sure gradient between a thermal low-pressure 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 occurring 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 intluence of coastal stratus and fog are characterized during the upwelling seasons by d n
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 COz and other greenhouse gases in the earth's atmosphere (6). Resulting
inhibition of nighttime cooling and enhancement of daytime heating should lead
to intensification of the continental thermal
lows adjacent to upwelling regions. This
intensification would be reflected in increased onshore-offshore atmospheric pressure gradients, intensified alongshore winds,
and accelerated coastal upwelling circulations (Fig. 1). As a positive feedback, the
cooling of the ocean surface that results
might locally intensie the low-altitude barometric 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
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Fig. 1. A conceptual diagram of the coastal
upwelling process [modified from (6)j.The coast
is represented in cutaway view and the ocean is to
the lek. O5shorc transport in the surface Ekman

laver driven bv the alongshore stress of the wind
on the sea sukacc is replaced by upwehng from
depth.
of the alongshore wind stress (that is, the
driving force for upwelling) has been used
to indicate variations of intensity of upwelling in the California Current region (5, 7).
Wind observations reported by ships at sea
tend to be irregularly distributed in time and
space. In order to produce homogeneous
time series, the upwelling index computations are based on analyzed fields wherein
the geostrophic constraint is employed to
incorporate data on both wind and barometric pressure, and information is spread in
time and space to fill data voids and to
detect erroneous reports (8).

The highest intensin core of the California Current upwelling system is situated in
the Point Arena-Cape Mendocino region
near 39"N ( I ) . The equatoward alongshore
wind stress during the springsummer upwelling season, derived on the basis of the
upwelling index methodology, has apparently intensified in the 30-year period I945
to 1975 (Fig. 2A). Since 1975 the stress
values have trended back toward the mean
for the entire (-40-year) period. Actually,
the period since 1975 has been one of
anomalously warm conditions in the ocean
off California (9);whether warm ocean conditions could have atfected the onshoreoffshore pressure gradient by lessening the
relative barometric high at the oceanic end
of the gradient is unclear. In any case,
substantial, natural interyear and interdecadal variability should be superimposed on
any trends related to climatic warming. Certainly, the trend line fitted to the values in
Fig. 2A indicates a trend toward substantially increased southward wind stress off the
coast of northern California, even over the
entire 1946 to 1988 period.
Because of the spatial spreading of information in the analysis procedures, the u p
welling index series at different locations in
the same region do not represent independent verifications of the trend. However. the

index series d o reflect significant spatial differences in the California current region (5,
7). All of the spring-summer series for this
region (Table 1) show a trend toward increased intensity of upwelling-producing
wind stress, except for the series located at
24"N and 2 P N . These two locations are off
Baja California, where the waters of the Gulf
of California rather than continental land
surface occupy the interior and where therefore the proposed mechanism would be
ineffective.
Off the Iberian Peninsula in the northeastern Atlantic Ocean, a 35-year trend toward
increased wind stress during the spring to
summer upwelling season (Fig. 2B and Table l ) has k e n reported (IO).Farther south
in the Canary current region (southern Morocco;28"N), annual mean values of upwelling are available for the period 1946 to
1981 (11). In this area, coastal upwelling,
while peaking in the summer, tends to persist throughout the year (12).Therefore, the
use of the mean values, although not ideal,
appears acceptable. Again, the general increasing trend is pronounced (Fig. 2C and
Table 1).
The upwelling system off Peru presents an
extreme tropical case; coastal upwelling continues throughout the year and is actually
somewhat more intense in austral winter
than in summer (I). Because of the lowlatitude location and correspondingly weakened geostrophic constraint, upwelling index computations are not appropriate.

Table 1. Location calendar months incorporated
in annual data, slope of the linear trend [significance: = P < 0.05; * I = P < 0.01; (SO)], and
standard error of that slope, for averages of
monthlv alonmhore wind stress series.
Latitude
or area

Months

(dz:L-2 Standard
year-')

Upwellitif index, nonheasrmi

5

48"N
45"N
42"
39"N
3CN
33"N
30"N
2TN
24"

0.61

4 to 9
4to 9
4 to 9
4 to 9
4to9

4109
4 to 9
4109
4 to 9

Pacific

0.0051"
0.0011
0.0033
0.0206**
0.0102*
0.0136**
0.0022

-0.0041
-0.0021

0.0012
0.0018
0.0032
0.0044

0.0046
0.0050
0.0030
0.0027
0.0021

Upwelliiig index, nonheasem Adanric

Fig. 2. Within-vear averages of
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43"

4

to9

0.0033"

0,0011

3TN
28"

4 to9
0.0051"
0.0018
1 to 12
0.0174"
0.0044
Ship repons, nonheasrewi Atlantic (Fig. 4 )
Area A
4 to 9
0.0101**
0.0024
Area B
4 to 9
0.0048,
0.0022

AreaC
Area D

4109
4 to 9

0.00601'
0.0064*'

0.0018
0.0016

Ship reponr, sourheastern Pac(jiFr

Peru

Peru

4109
10103

0.0038'*
0.0035"

0.0011
0.0012
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Here, wind stress estimates based on individual wind reports from ships at sea have
been averaged by month over an area of
coastal ocean between 4 . 5 5 and 14.5"s
latimdes (13, 14). The long-term increasing
trend in equatorward alongshore wind stress
is not only clearly evident during the spring
to summer half of the year (Fig. 2D), but
also during fall to winter (Fig. 2E).
The procedures used to derive the various
time series 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 computations (5) have been routinely produced
throughout the record period in support of
weather forecasting activities. Because of the
extended period of 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 dismbutions due to changes in
shipping routes, or establishment of new
coastal reporting stations in data-poor areas). Because the analysis procedures act to
spread available information in time and
space, one cannot look to upwelling index
series computed at nearby locations for independent corroborations.
The area off Spain and Portugal is much
higher in maritime data density than the
other major eastern ocean upwelling regions, including California (1). Here, four
smctly 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). Although details of the shorter scale interyear
variability appear somewhat different
among the four 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 equatorward 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 increasing equatorward stress is apparent (for example, 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 negative trends). Thus the increasing trend in
equatorward stress is observed only during
the upwelling seasons. These are the only
seasons during which thermal lows in surface annospheric pressure develop over the
adjacent land mass and therefore in which
the hypothesized greenhouse mechanism
200
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Flg. 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 maritime wind reports were summarized to produce
monthly time series shown in Fig. 4. The mean
latitude and longitude of the repow available in
cach of the areas ovcr the period 1948 to 1979 is
marked by an "x" surrounded by a small circle.

could operate.
When the various series are differenced,
effectively removing the linear trends, significant interregional correlation among the
time series vanishes. Evidently, the only
feature shared among regions is the longterm trend. Other known 'ypcs 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 interregional pattern. Moreover, simulations of
increased atmospheric C o r with general circulation models suggest that southward
wind stress will increase in the spring and
summer off northern California (15).
Intensification of coastal upwelling along
subtropical and tropical eastern ocean
boundaries would have important consequences. 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 conditions at the coast could become even more
pronounced and wind flow through passes
in coastal mountain ranges toward the heated 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 mne inland of the fog mne

might become even more arid during upwelling seasons.
Effects on the marine ecosystem are more
difficult to gauge. Short-term climatic
warmings, associated with intense El Nifio
episodes, have recently occurred in the Peru
(14) and California (20) systems. But the
specific dynamics underlying El Nifio (17)
are most likely not identical to those controlling effects of climate warming. Moreover the distribution of biological populations, as well as their abundance, appear
often to be more related to the dynamic
physical processes that control various patterns 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 u p
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 f d organisms
essential to larval survival.
In projecting direct physiological 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
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temperamre ranges. Clearly, there are problems with such a procedure. Also, care must
be taken in using evidence from past warm
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
dismbutions could be fundamentally altered.
In the absence of counteracting effects
(21), 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 production actually promotes reproductive success and population growth of commercial
fishes (19, 22). For example, increased production might be channeled to the mesopelagic fish communities that are diffused over
wide areas and thereby largely lost from the
neritic ecosystem. In addition, increased organic production might cause large areas of
these systems to become anoxic at depth
(23) and thereby promote sedimentation of
unoxidlzed 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 likewise 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 aunospheric and ocean circulations might slow down
(24). However, as this example indicates,
there is a competing tendency toward intensification where oceanic-continental temperature contrasts are involved. Many of the
consequences of global climate change to
marine ecosystems and also to marine-influenced terrestrial systems could depend on
the relative importance, in each local simation, of these competing effects.
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