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ABSTRACT

Upwelling of the Kuroshio subsurface water at the shelf break near the
northern tip of Taiwan is an important oceanic phenomenon, that results from
impingement of the Kuroshio onto the continental shelf and causes profound
chemical and biological responses. This upwelling region was frequently ob
served in the past as a pool of cold water. However, such temperature contrast
does not exist throughout the year due to the cooling of the shelf water in win
ter. Consequently, it has never been established until n ow that the upwelling
is a year-round phenomenon. In this study, m onthly cruises were conducted
from A ugust 1990 to July 1991, and a one year-long monthly record of up
welling was evidenced from the distribution of temperature, nitrate and dis
solved oxygen. The last, which revealed the structure of the upwelling dome
in winter similar to those in other m onths, was an especially useful indicator
of upwelling when tem perature or nitrate concentration failed to show the
whole picture of upwelling. Undersaturation of oxygen in the surface water
at the upwelling center was observed during December-May. The average
downward flux of oxygen in the upwelling area was computed to be 0.034
2
m oVm /day in March 1991. According to a box m odel for thermal and mass
balance, an upwelling speed of about 5 m/day was required to m aintain the
oxygen-deficiency in the surface layer. The upwelling velocity yielded a total
volume transport of 0-2 Sv and nitrate transport of 2x109 gN/day to the top
2
60m in the upwelling area of 2900km •
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1. INTRODUCTION

The oceanic exchange processes at the continental shelf edge have attracted much atten
tion in recent years due to their role in transporting terrigenous sediments and anthropogenic
wastes from the shelf to the open ocean, and in supplying the shelf sea with nutrients from the
deep sea (e.g., Brink, 1987; Walsh et al., 1988; Wroblewski and Hofmann, 1989; Csanady,
1990). The water exchange between the shelf sea and the western boundary current has been
recognized in several different modes. For example, the shelf water outflows as filaments of
low salinity water (Kumpferman and Garfield, 1977; Chern et al., 1990); the Gulf Stream
intruded onto the continental shelf of the South Atlantic Bight by horizontal intrusion, such
as over-riding or interlayering with the shelf water, or by bottom intrusion (Atkinson, 1977).
In order to investigate the temporal variation of the water characteristics at the shelf
water-Kuroshio frontal region, monthly survey of hydrography and chemistry of the seawater
was conducted from August 1990 to July 1991. T he bottom intrusion, also termed as up
welling, was especially emphasized in the survey because of the associated shelfward nutrient
fluxes. It is estimated that this process could account for 25% of the nitrate needed for the
total primary production on the middle and outer shelf of the South Atlantic Bight (Dunstan
and Atkinson, 1976; Yoder et al., 1983; Walsh, 1991).
Upwelling also occurs along the edge of the Kuroshio, from Taiwan to Japan (Fan,
1980; Takahashi et al., 1980; Liu and Pai, 1987; Su and Pan, 1987). Upwelling was often
found in conjunction with the frontal eddies of the western boundary current as a result of
hydrodynamic instability (Luther and Bane, 1985; Brink, 1987). Such feature varies with
time and space. However, the upwelling system at the shelf break near the northern tip
of Taiwan appears to be permanent (Chem et al., 1990). This upwelling region has been
repeatedly observed as a cold anomaly at the surface, or a subsurface dome of cold water
(e.g. Fan, 1980; Liu and Pai, 1987; Chem and Wang, 1989; Wong et al., 1991; Liu et al.,
1992). However, such temperature contrast does not exist or becomes obscure in the winter
when the shelf water cools to the temperature close to or below that of the upwelled water.
In this paper we demonstrate that oxygen concentration is a good indicator of upwelling
under such conditions. Using chemistry as well as temperature data, we present evidences of
year-round upwelling at this site, and estimated the upwelling velocity using a box model.
2. MATERIALS AND METHODS

Monthly survey of the hydrography and chemistry was conducted in the designated
KEEP study area (Figure 1) on board the RJV Ocean Researcher I from August 1990 to July
1991 (Table 1), except in February 1991 when the vessel was serviced for annual inspection.
The survey in July 1991 was carried out during two cruises due to the interruption of a
typhoon: transect A was surveyed on cruise #288 and trasect B on cruise #289. The study
area, dubbed as the P-Box, was essentially a rectangular box of 200km x 50km, trending in
the NW-SE direction (Figure 1). T he southwestern and northeastern boundaries of the box
were designated as transects A and B, respectively. Twenty one stations were assigned on
the periphery of the box. Most of the stations were evenly distributed with intervals of 25km
except over the shelf break, where an additional station was inserted in each transect.
A CID-Rosette assembly with 11 Niskin bottles was used to obtain temperature and
salinity profiles and seawater samples. Water samples for dissolved oxygen, salinity and
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Fig. 1. Station localities of the KEEP study area The southwestern side of the
rectangle is designated the trasect A, and the northeastern transect B. Sta.

W is a mooring station for current meter deployment.

nutrient determination were collected from the water samplers. The CTD unit was a SeaBird
SBEl 1 model with an oxygen sensor. The oxygen samples were pickled immediately after
collection following Carpenter's (1965) recommendation. The salinity samples were stored
in 100 ml glass bottles with Poly-seal caps. The nutrient samples were frozen instantly with
liquid nitrogen and stored in a freezer.
All analytical work was done shortly after the samples were returned to the laboratory.
The dissolved oxygen concentration was determined not by traditional iodometric titration
but by measuring the absorbance of the total iodine in the pickled samples after acidification
(Pai et aL, 1992). The precision was ±lµM. The salinity samples were analyzed with an
Autosal. The salinity data from CTD were checked against the manually determined values.
The frozen samples for nutrient analysis were defrosted under running water. Nitrate was
analyzed with a flow injection analyzer. It was reduced to nitrite with a cadmium wire which
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Table 1. Information of cruises for hydrographic and chemical survey in
the KEEP study area from August 1990 to July 1991
Cruise No.

Date

No. of stations

(Month/day/year)
8/1-6/1990

occupied

248
254

9/18-23/1990

21

258

10/20-25/1990

21

260

11/3-7/1990

21

264

12/3-6/1990

10

21

268

1112-15/1991

18

271

3/4-9/1991

21

275

4/1-6/1991

21

280

5/2-7/1991

17

285

6/7-12/1991

21

288

7/15-20/1991

12

289

7/22-27/1991

10

was activated with copper sulfate solution (Strickland and Parsons, 1972; Gardner et al.,
1976), and the nitrite was converted to pink azo dye for colorimetric determination (Pai et
al., 1990). The precision for nitrate analysis was ±0.3µM for concentrations of lOµM or
higher, and better than that for lower concentrations.
3. RESULTS
3.1. Distribution of Temperature and Nitrate

A complete set of hydrographic and nitrate contour sections in the upper water column
along the two transects of the KEEP study area has been published (Gong and Liu, 1991).
T he results from the first three cruises have been treated in a paper by Liu et al. (1992).
Here we present the sections of temperature (Figure 2) and nitrate (Figure 3) in the upper
400m along transect B for the 11 monthly cruises which depict the monthly features of the
interaction between the shelf water and the Kuroshio and provide a complete picture of the
annual cycle. Transect B is chosen for presentation because it cuts closer to the center of
the upwelling area. The temperature plot for the cruise of July 1991 shows only half of the
- transect due to loss of CID data resulting from operational error.
The concentration of nitrate is negatively correlated with temperature in the upper water
colunm above the oxygen minimum zone in most parts of the ocean (e.g., Craig et al., 1981).
Close relationships between the two were observed in the Kuroshio Water and also in the
shelf water near Taiwan (Liu et al., 1988; Wong et al., 1991; Gong et al., 1991). A similar
relationship has also been observed in the Gulf Stream (Atkinson, 1985). Consequently, the
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nitrate distribution resembles that of temperature (Figures 2 and 3). Most sections showed
doming of the cold nutrient-laden water at the shelf break, which is a manifestation of
upwelling.
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Fig. 2. The temperature sections along transect B (Fig. 1) during monthly cruises
from August 1990 to July 1991.
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The relationship between nitrate and temperature in the upper water column is subject
to seasonal variation due to the seasonal change of the sea surface temperature (Liu et al.,
1988). ·The sections (Figures 2 and 3) showed that the lµM i�opleth of nitrate followed the
24°C isotherm closely from May to December, whereas it follows the 22°C isotherm from
January to April. From June to August the sea surface temperature was above 24°C; the
surface water was devoid of nitrate. During the other months, nitrate was always present in
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the surface water over the shelf break of transect B.
The distribution of temperature and nitrate in March and April 1991 appeared to be quite
different from those of other months, showing only the seaward half of the dome structure.
The shelfward distribution of temperature showed very small variation. The nitrate isopleths
on the shelf were either horizontal or tilted upward toward the inner shelf. Although the
nitrate section of transect A for the March cruise (not shown) did show a doine structure at
the shelf break, the shape was not well defined. These all suggested that the distinction in
temperature and nitrate between the shelf water and upwelled water was not clear in these
two months.
Contrary to the aforementioned similarity between March and April, the salinities of
the shelf water of the two months were clearly different (Figure 4). In March, water of very
low salinity (33.6 psu) was pressing against the high salinity water (34.6 psu); whereas, in
April, the salinity of the shelf water (mostly within 34.4-34.7 psu) was more uniform and
considerably higher than that in March.
The nutrient-deficient surface water from the West Philippine Sea extended more deeply
onto the shelf in April 1991 than in October 1990. All sections showed a tongue of cool
(<18°C) and nitrate-rich (>7µM) water extending from the open sea up the slope and toward
the shelf break, except the section of April. In April, the tongue was interrupted by a thick
layer of nitrate-depleted water and the nitrate isopleths sank considerably in the water off the
shelf break.
3.2 Distribution of Dissolved Oxygen

Determination of dissolved oxygen was not satisfactory on the first few cruises due
to storage problems and procedural complexity of the potentiometric end point detection.
Satisfactory analysis was not obtained until the spectrophotometric measurement of the total
iodine for the oxygen determination developed by Pai et al. (1992) was adopted in December
1990. Figure 5 shows the oxygen data from December 1990 to June 1991. The oxygen data
for July 1991 was missing due to operational difficulties under bad weather. Similar to
the temperature and nitrate sections, the oxygen sections also show the prominent dome
structure at the shelf break. However, in March and April 1990 when the dome structure
in the temperature and nitrate distribution was incomplete, the oxygen section showed a
complete dome structure.
Comparison of the oxygen sections of March and April, 1991 revealed considerable
difference in the dome structure of upwelling, reflecting the different hydrographic conditions.
In March, very sharp contrast of oxygen concentration was observed on the shelfward half of
the dome structure, with the highest concentration above 250µM and the lowest concentration
below 195µM. The oxygen isopleths of the shelf water rose steeply near the center of
upwelling. In April, the sharp horizontal oxygen gradient in the shelf water disappeared, and
the isopleths of the shelf water were essentially horizontal except near the upwelling center.
3.3 Sea Surface Temperature and Meteorological conditions

Figure 6A shows the annual variation of air temperature and sea surface temperatures
(SSTs) in different regions in the KEEP study area. The thermal boundary between the
Kuroshio Water and the shelf water fluctuated in a wide range across the outer shelf off
northeastern Taiwan (C.-Y. Lin et al., this issue). According to the satellite imageries of
SST, the three deepest stations (namely, 4430, 4531 and 5030) were on the seaward side of
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the front, while the three innermost stations (namely, 5513, 6014 and 6115) were on the
shoreward side of the front most of the time. Therefore, these two groups of stations are
used to represent the surface conditions of the deep and the shelf seas, respectively. The
station at the crest of the upwelling dome in the temperature or oxygen sections represents
the upwelling center. The air temperature is the 7-day mean at the Pengchia Yu Island. It is
noted that the altitude of the weather station is 1 OOm above sea level. The air temperatures at
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the station should be lower than that near the sea surface. The mean difference was probably
within 1°C as inferred from the mean adiabatic lapse rate of the troposphere: 6.5°C/km
(Goody and Walker, 1972). Such difference is small, compared to the fluctuation of the air
temperature.
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Fig. 6. (A) Variation of sea surface temperature in the open ocean (diamonds),
the inner shelf (triangles) and the upwelling region (crosses) as observed
during the hydrographic survey from August 1990 to July 1991.

The

vertical bars represent the standard variation among the representative
stations (see text). Also shown is the air temperature variation (smoothed
by 7-day running mean) on the Pengchia Yu Island during the same period.
(B) The same as (A) except for nitrate.

Figure 7 A shows the time series of the 10-day low passed ( 10-DLP) wind velocity
observed at Penghu and Pengchia Yu, in 1990 and 1991. Although the wind velocity at
Pengchia Yu was more variable than at Penghu, the transitions of the prevailing wind direc
tions observed at the two sites were almost synchronous during our study period. The onset
of the northeast monsoon in 1990 occurred in mid-September. The reversal back to southerly
wind in 1991 occurred in mid-May. Time series of the daily mean wind velocity from Febru
ary 1 to April 30, 1991 is shown in Figure 7B. The wind conditions were correlated with the
unusual hydrography observed in March and April, 1990 (see Discussion).
The SST over the shelf followed the trend of air temperature quite closely. The air
temperature reached a maximum in August and started to drop in September; it reached the
lowest point in February and started to rise in March. From September to mid-November, the
surface temperature of the shelf sea was about equal to the mean air temperature. W hen the
air temperature started to show cold surges, the sea surface temperature stayed near the upper
limit of the air temperature. During the warming period from March to June, the sea surface
temperature was approximately equal to the mean level of the air temperature. Therefore, the
change of the sea surface temperature appeared to lag behind change of the air temperature.
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The onset of the NE monsoon occurred in mid

September in both years. The onsets at the two sites were synchronous.

The surface water of the open sea was slightly warmer than the shelf sea by less than
2°C from June to September. After September, it also cooled down but with a slower rate,
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and then stayed around 23°C through winter (Figure 6A). Warming began after April. The
surface water of the upwelling center was cooler than the shelf water from August to Novem
ber and from May to July. During the same periods of time, the upwelling center was also
cooler than the mean air temperature, indicating that the cold anomaly was attributable only to
upwelling. The most intense cold anomaly was observed in September 1990, corresponding
to the onset of northeast monsoon (Liu et al., 1992). From December to April, the observed
surface temperature of the upwelling center was very close to or even higher than the shelf
water. However, it should be noted that the observed upwelling center did not necessarily
coincide with the true center of upwelling because the cruise track might have missed the
apex of the upwelling dome. Therefore, the lack of evidence of cold anomaly in winter did
not ruled out its existence, but the contrast would be much smaller than in autumn if it had
existed.
4. DISCUSSION

There are two types of water transport from the Kuroshio onto the shelf: upwelling and
intrusion. The former represents ascending of the thermocline water of the Kuroshio to the
shelf. The latter represents mostly lateral movement of the upper Kuroshio Water of high

Liu et al.
salinity onto the shelf (Liu

et al., 1992).
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The upwelling at the shelf break off the northern

tip of Taiwan is important not only for the nutrient budget of the East China Sea but also
for its revelation of the hydrodynamic response of the Kuroshio circulation to the regional
bottom topography. The volume transport of upwelling needs to be quantified for estimation
of the nutrient flux, but the complexity of the upwelling system is formidable for such
approach. Nevertheless, we would like to discuss the influence of the physical parameters on
the chemical hydrography of the upwelling system, and to estimate its strength using a box
model.

4.1 Influence of Meteorological Conditions on Hydrography
It has been demonstrated that the upwelled water is contrasted with the surface water
most notably by the differences in temperature, and concentrations of nutrients (e.g., Liu and

et al., 1991; Liu et al., 1992). However, the observations in March and
1991 indicated that temperature and nutrient concentration of the upwelled water were

Pai, 1987; Wong
April,

not distinctive from the shelf water which was also cool and laden with nutrients. Instead,
oxygen could be an auxiliary indicator of upwelling.

Before exploiting the usefulness of

oxygen, we would discuss the hydrographic conditions observed on the two cruises .
The contrasting hydrographic conditions observed in March and April

1991, were prob

ably related to the wind conditions. The low salinity water observed in March most likely
came from northern Taiwan Strait which is the nearest area with low salinity (with a mean
of 33.4 psu) in winter (Hwang and Tang, 1992). Similar distribution of the water mass was
observed by Chem and Wang (1989). One week prior to the March cruise, wind changed
from NE to southerly with only temporary reversal (Figure 7B). Although the wind in Penghu
did not reverse, the strength did decrease to less than half before the March cruise (Figure

7 A). According to Chem and Wang (personal communication, 1992), the NTS Water would
spread northward when the NE monsoon relaxed. The low salinity constituent of the NTS
Water was most likely from the Continental Coast Water which contains a large fraction of
the Yangtze River runoff (Miao and Yu, 1990). The possibility of the low salinity water orig
inating from the south should be dismissed because the salinity distribution showed increase
toward the south in winter (Tang and Chen, 1990).
The salinity of the shelf water observed along transect B in April was uniformly high
(with a mean around 34.6 psu) as compared to the mean salinity of 34.35 psu in the outer
shelf off northern Taiwan (Hwang and Tang, 1992). . The most likely source of the high
salinity water was the Kuroshio Water which had mean s�inity of 34.5-34.7 psu in the top

150m at the slope off northeastern Taiwan in the spring (Hwang and Tang, 1992). Therefore,
the hydrographic conditions observed in April suggested onshore movement of the top layer
of the Kuroshio Water. In addition, the shelfward expansion of the nitrate-depleted layer also
lent support to the Kuroshio intrusion, because the surface Kuroshio Water is usually devoid
of nitrate (Liu et al., 1988). On the other hand, the NTS Water had mean salinity less than

34.4 psu in the spdng, and its surface concentration of nitrate has been observed at 3 µM or
higher (Fujian Institute of Oceanology, 1988). Therefore, the NTS Water was an unlikely
source for the high salinity water on the outer shelf .
The satellite SST imagery obtained on April 10,

1991 also indicated shelfward expansion

of the warm Kuroshio Water. The thermal boundary extended shelfward beyond 122°£ and
passed between stations 5220 and 5315 along transect A and between stations 6020 and
along transect B. The Kuroshio intrusion in April was similar to that in October

6115
1990 (Liu
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et

al., 1992) but more extensive. Before the April cruise (April 1-6), the NE monsoon had

been persistent for a week (Figure 7B), which probably assisted the Kuroshio intrusion onto
the shelf, but other factors, such as outflowing of the inner shelf water in the previous month
or remote forcing, could also be important.

The current meter records at station W (25° 25.401N, 122°7.?0'E, 270m deep) near the
shelf break (Figure 1) indicated that the slope water also moved towards the shelf at the same

time as the April cruise. The deployment of the current meters were described by Chuang
and Wu ( 1992). The progressive vector plot of the low passed data of current meter at depths
of 190m and 245m showed changes of drift direction from southwestward to, respectively,
westward and northwestward at the end of March 1991 (Figure 8). The temperatures recorded
at the two current meters rose gradually from about 15 to 16.5°C and from 14.5 to 15.5°C,
respectively, between March 20 and April 9 (NSC, 1991). Such records suggested movement
of the Kuroshio Water towards the shelf.
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4.2 Manifestation of Upwelling

The manifestation of upwelling is characterized by the contrast between the upwelled
water and the shelf water. Because the upwelled water is immediately mixed with the shelf
water as soon as it reached the shelf due to internal motion (Chern and Wang, 1990; Liu
et al., 1992), the signal of upwelling is soon dispersed if the upwelled water is not sup
plied continually. The intensity of the manifestation is controlled not only by the strength
of upwelling but also by the efficiency of mixing and the difference in water characteristics
between the upwelled water and the shelf water. In addition, the circulation pattern which
controls the residence time of the upwelled water at the shelf break also affects the signal
of upwelling. In light of these processes, we will discuss the usefulness of dissolved oxygen
concentration as an upwelling indicator. It is easy to understand that the contrast in tem
perature between the shelf water and the upwelled water vanished in the cold months when
the shelf water became cooler than the upwelled water. However, in March and April , the
contrast in nitrate concentration also became indistinguishable, and dissolved oxygen became
the only distinctive indicator.
In addition to oxygen distribution, the degree of oxygen saturation also testified to
upwelling. Figure 9 shows the degree of oxygen saturation in transect B in March and June,
1991, respectively. The surface layer of about 30m in both the shelf water and the deep sea
was saturated with oxygen, except in the upwelling dome. In March, the surface water at
the upwelling center was undersaturated with oxygen by 7%. Such a phenomenon was also
observed on other cruises from December to May. In the upwelling dome, freshly upwelled
water must contribute to the mixed layer. Otherwise, it would be saturated with oxygen
rapidly.
In March, the NTS Water pressed against the upwelled Kuroshio Water at the shelf
break. The nitrate distribution indicated that the NTS Water was laden with nitrate. There
are three reasons for the presence of high nitrate concentration at the surface of the inner
shelf water: (1) strong vertical mixing, (2) reduced biological uptake, and (3) contribution
from the CCW. In winter and early spring, the NTS Water resembles inner shelf waters in
the southern East China Sea which are vertically well mixed and destratified in the cold
seasons (Chern and Wang, 1989; Miao and Yu, 1990). The tum-over of the shelf water
brings nutrients in the bottom water to the surface. The biological uptake of nutrient was
weaker as indicated by the lower chlorophyll-a concentration in the upwelling area in March
than in other months (Chen, Y.-L., 1992). The lower primary productivity in the shelf water
was probably due to lower temperature and stronger vertical mixing in winter (Parsons et
al., 1984). The low salinity constituent of the NTS Water, i.e., the Continental Coast Water,
which contains significant amounts of nutrients and particulate matter (Edmond et al., 1985;
Fujian Institute of Oceanology, 1988), may also contribute to the nutrient loading.
Destratification and reduced biological production are especially important in decou
pling the oxygen and nutrient behavior in seawater. Under normal conditions, the increase
of nutrient is associated with depletion in oxygen, and vice versa. The increase of nutrient
usually results from nutrient regeneration, which consumes oxygen. On the other hand, the
increase of oxygen results either from photosynthesis or from ventilation. During photosyn
thesis nutrients are always consumed, but during ventilation, which means air-sea exchange
at the surface, nutrients may or may not be depleted, depending on the rate of primary pro
duction. In the cases observed in March and April, the high concentration of nutrients in the
surface water on the shelf was obviously a consequence of low primary productivity and
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active vertical mixing, while the oxygen in the surface water was replenished fast enough
to reach saturation, except in the upwelling center where vertical supply of undersaturated
water must be faster than the dissolution rate. It is interesting to note that the distinction
in temperature and nitrate between the shelf water and the upwelled water did not fade or
disappear in January, which was much colder than April (Figure 6A). This actually supported
the role of destratification in affecting the shelf water properties and the behavior of nitrate
and oxygen. Destratification of the shelf water, which usually lagged behind the temperature
change, probably was not well developed in January but was in March and April.
The usefulness of the dissolved oxygen as an indicator of upwelling is limited only
to cold periods. In March, the shelf water was colder than the Kuroshio surface water
and, therefore, contained high concentration of oxygen (up to 250µM). Such high oxygen
concentration made the shelf water distinctive from the upwelled water which is depleted in
oxygen. The contrast in oxygen concentration between the upwelled water and the shelf water
became more noticeable due to the increased oxygen solubility at lower temperature. In the
summer, the low oxygen solubility in the much warmer surface water does not provide enough
contrast from the upwelled water and can
. not be used as an upwelling indicator. In June all
the surface water, including the upwelling center, was saturated with oxygen (Figure 9). Such
change may be attributable to decreased upwelling intensity and the increased temperature;
the latter lowered the oxygen solubility and hasten dissolution. These factors made the
upwelled water lose its signature of oxygen depletion quickly. The lower vertical diffusivity
and the biological production of oxygen were additional factors which may contribute to the
situation.
Using different indicators, we were able to establish that the upwelling dome existed
throughout the year. From December to April, the upwelling center was characterized by
the doming of oxygen isopleths; during other months, it was by the doming of isotherms.
It should be noted that the observed dome structure did not reflect reality precisely but
was slightly distorted by tidal and internal motion of the shelf water during the sampling
period. The maximum horizontal displacement due to semi-diurnal tide was calculated to
be 5-13km for the top 90m (Lee, 1992). The major features of the dome structure were
readily identifiable but the detailed features were difficult to interpret. Basically the structure
consists of a major dome at the shelf break, which was more or less symmetric with a few
exceptions. Occasionally, there was a minor dome to the shelfward side (January 1991) or to
the seaward side (July 1991). In some other occasions, e.g., October 1990 and April 1991 ,
the shelfward side of the dome structure showed rather flat isopleths, which were possibly
caused by the circulation pattern near the shelf break during Kuroshio intrusion. The center
of the upwelling region, which is presumably indicated by the crest of the dome, was located
mostly at the shelf break but with occasional displacement slightly seaward or shelfward.
Such displacement never exceeded 25km from the shelf break. The mean position of the
upwelling center appeared to be locked at the shelf break. The year-long record confirmed
the claim of Chem et al. (1990) that upwelling is a permanent feature in this region.
It is noteworthy that the nitrate section of July 1991 (Figure 3L) showed an additional
doming region about 50km seaward from the shelf break. At the same time, the 19µM
isopleth of nitrate was uplifted notably to the depth of less than 300m in the region off the
shelf. Before the July cruise, typhoon Amy passed through southern Taiwan on the 18th.
After entering the South China Sea on the 19th, it caused strong southerly wind in the KEEP
study area . During the hydrographic survey on the 22th and 23rd, there was typhoon Brenda
which was passing through the Bashi Channel, and caused southeasterly wind in the KEEP
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study area. Their records are visible in Figure
were directly related to the typhoons.

7 A. It is not clear whether the unusual features

4.3 Controls on Nitrate Distribution
The variation of nitrate concentration in the surface layer, where the biological produc
tion is most active, was closely related with the meteorological conditions (Figure 6). In the
shelf water, the surface concentration of nitrate was essentially zero from June to September,
which corresponded to the period of southeast monsoon. The nitrate concentration started
to increase rapidly in November and reached a maximum of 61µM in March. The nitrate
variation was the inverse of the temperature variation. Aside from the intensification of
upwelling, the reason for the increase of nitrate in the shelf water during the months of
prevailing NE monsoon are similar to those for the inner shelf water. However, the mixing
process is probably the most important factor in controlling nitrate distribution (Liu et al.,
1988). The relationship between temperature and nitrate appeared to result from mixing be
tween the nitrate-depleted surface water and the upwelling source water. B ecause upwelling
is a year-round phenomenon, the upwelling source water can be considered as a constant
end member. The properties of the other end member are apparently dependent on the me
teorological conditions. Because the SST of the shelf water followed the air temperature
quite closely, those properties of the surface end member could be derived. Then, the nitrate
distribution in the shelf water can be determined from the temperature distribution which is
much easier to measure than the nitrate.
The nitrate concentration in the surface water of the upwelling center was the highest
among the three types of regions; it nevertheless decreased to the non-detectable level during
the summer (June to August). The first appearance of significant concentration of nitrate
(up to 4µM) in surface water at the upwelling center in autumn was coupled with the
abrupt temperature drop ten days after reversal of the prevailing wind direction in September
(Liu et al.,· 1992). This is a possible sign of intensification of upwelling which has been
demonstrated as a plausible response to the onset of NE monsoon by dynamic modeling. Its
variation was not as smooth as the shelf water probably because its value was sensitive to
the position of sampling site relative to the true upwelling center. On the other hand, the
variation may also be attributable to other factors, such as the variable intensity of upwelling.
Although the sampling stations did not necessarily occupy the true upwelling center, the
nitrate concentration at the "upwelling center" observed on transect B was still higher or
equal to that of the shelf water. In March the sea surface temperature of the upwelling center
was higher than that of the shelf water, but the nitrate concentrations were about the same.
The nitrate anomaly clearly demonstrated that upwelling was an important source of nitrate.
In contrast to the shelf water, the nitrate concentration in the surface water of the deeper
area remained low (below 0.5µM) throughout the year (Figure 6B), and was at non-detectable
levels from June to October. During the period while the shelf water was rich in nitrate,
detectable concentration of nitrate appeared occasionally in the surface water of the deeper
area, suggesting that nutrients were possibly transported from the shelf to the Kuroshio Water
by episodic occurrences of filaments which had been observed twice during the onset of NE
monsoon (Chem et al., 1990; Liu et al., 1992).

4.4 Oxygen Flux at Sea Surface
The undersaturation of oxygen in the surface sea water indicated rapid removal of
oxygen from the sea surface by diffusion or continual replacement of the surface water by
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the underlying oxygen-depleted water. The condition observed at sta. 552 1 on the shelf
break during the March cruise was used as an example to calculate the oxygen flux at sea
surface by diffusion.
The temperature profile (Figure 10) at this station indicated that the water column was
divided into three layers. The waters in the top l Om and below 60m were rather uniform,
while the middle layer showed a marked thermal gradient. The oxygen profile was similar
to the temperature profile except that the top layer showed a noticeable negative gradient
in oxygen (Figure 10), suggesting that the exchange of oxygen at the sea surface was more
pronounced than the thermal exchange.
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The flux of oxygen (F) transported from the atmosphere to the surface seawater can be
calculated from the degree of oxygen saturation and the exchange coefficient (Kester, 1975):
F

=

K

x

(Csatd - Cs)

(1)

where K i s the exchange coefficient of oxygen, Csaid i s the concentration o f oxygen in
seawater in equilibrium with the atmosphere, and Cs is the oxygen concentration at sea
surface. The saturated oxygen concentration at the surface T-S condition (20.4°C and 34.58
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psu) was calculated to be 229µM (Weiss, 1970), while the observed oxygen concentration
was 215µM. The exchange coefficient can be expressed as
K

=

Do2 / Fi lm,

( 2)

where Do 2 is the diffusivity of oxygen in seawater and "Film" is the thickness of the
surface laminar layer, which is also termed the stagnant film (Broecker and Peng, 1 974).
D0 2 is 2.08 x 10 - 5 cm2 /sec for oxygen at 20.4° C (Broecker and Peng, 1974). The global
mean value of the stagnant film thickness was estimated to be 30µ from 14 C exchange
and 36µ from radon deficiency in surface sea water (Peng et al., 1979). In principle, the
value of the stagnant film thickness is dependent on wind speed (Broecker and Peng, 1974;
Wanninkhof et al., 1985) but the relationship is highly variable (Peng et al., 1979; Hasse
and Liss, 1980). For simplicity, the mean value of 36µ was adopted for our calculation. The
exchange coefficient was calculated to be 5. 8 m/day, which is consistent with the observed
mean exchange coefficient within 20-40°N in the Pacific Ocean (Peng et al., 1979). Then, the
oxygen flux was computed to be 0.07 mol/m2 /day. There were two other stations (5220 and
5 121) on transect A, where undersaturation of oxygen was observed in the surface water. The
oxygen fluxes were calculated to be 0.08-0.09 mol/m2 /day. There were two ways to maintain
the oxygen undersaturation at the surface: by downward diffusion of oxygen from the surface
water to the subsurface water or by upward advection (upwelling) of oxygen-depleted water.
If the vertical mixing is the dominant process for maintaining the surface oxygen deficiency,
the vertical eddy diffusivity can be calculated. The vertical oxygen gradient in the top
layer (0-l Om) was -0.37 µMlm. If the surface balance was maintained by diffusion only,
the vertical diffusivity was calculated to be 21 cm2 /s by Fick's first law of diffusion, .under
the assumption of no production or consumption of oxygen. It will be shown later that the
biological effect on oxygen within the surface layer of about I O m is negligible in comparison
with the diffusive flux. Similarly, the vertical diffusivity was calculated to be 1 0-25 cm2 /s
for the two stations on transect A. The mean vertical diffusivity was 19 cm2 /s, which is
reasonable for the surface boundary layer (Gargett, 1984).
For the middle layer of sta. 5521, the oxygen gradient was -0.47µM/m. If the downward
transport of the surface oxygen flux was maintained only by vertical diffusion, the diffusivity
was calculated to be 1 6 cm2 Is. This value is too large because the normal eddy diffusivity
for the interior of the water body is about an order of magnitude lower (Gargett, 1984).
Therefore, other processes should be important in maintaining the oxygen deficiency in the
middle layer. One alternative mechanism is upwelling of oxygen-depleted water from below.
A simple box model is invoked to estimate the upwelling velocity in the following.
4.5 A Sim ple Box Model for Upwelling

Because the upwelling center is a cold eddy (Chem et al., 1990), it should be a rather
isolated water body and could be treated as a box. The box defined in the model depicted
in Figure 1 1 represented the upper half of the upwelling dome, which included the top and
middle .layers, i.e., the upper 60m, of the water column shown in Figure 1 0. Below this depth
the vertical gradients of temperature and oxygen were small; so that the vertical diffusion
may be neglected. The l ateral boundaries of the box were set to be the four sides of the
trapezoid defined by stations 5 3 1 5 and 512A on transect A and stations 5521 and 5323 on
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2
transect B, which had an area of 2900km • In the cross-shelf direction, main body of the
upwelling dome was bracketed within the boundaries, but in the along-shelf direction the
available data were not enough to cover the full extent of the upwelling dome. Therefore,
the box only represented the minimum extent of the upwelling dome. The parameters and
arithmetic of the model calculation are described in detail in the Appendix. The method for
evaluation of the · parameters was also explained.
The case observed on the March cruise was used for calculation of the upwelling velocity
because the lateral mixing processes may be simplified. The sharp salinity boundary between
the inner shelf water and the upwelling dome (Figure 4) suggested that the lateral exchange
between the two waters was restricted. Therefore, we assumed that the lateral exchange only
occurred between the upwelling dome and the Kuroshio Water.
The exchange of water in the box with its surroundings was achieved by upwelling,
lateral mixing or advection. The bottom layer of the upwelling dome was quite uniform
in terms of oxygen distribution. In this model, the upwelling velocity, which was assumed
to have a mean value of W, represented the vertical velocity of water transported from the
bottom layer to the upper layer within the upwelling region. To balance mass, the upwelled
water was assumed to exit the box through horizontal advection. The lateral exchange was
assumed to have a mean transport of X between the box and the top 60m of the Kuroshio
Water (Figure 11) .
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Under steady state condition, the inputs of heat or material were balanced by the outputs.

We assumed that the water transported in and out of the box had fixed temperature and oxygen

concentrations. The water in the upper layer of the upwelling region had the mean properties:
= 19.7 ° C and [02 ] = 208 µM. The upwelled water was assumed to have the properties

T

of the water from depths of 60-80m just beneath the box: T = 1 7 .8 ° C and [0 2 ] = 1 94 µM.
The water from the upper 60m of the Kuroshio Water had the mean properties: T = 23. 8 ° C
and [02 ] = 2 1 7 µM.
In addition to fluxes associated with the water transports, there were oxygen and thermal
fluxes from above the sea surface. The mean oxygen flux was calculated by equation

(1).

The mean oxygen concentration in surface water in the upwelling area was 221µM, and the
saturated concentration was calculated to be 228µM for the mean temperature of 20.87° C
and mean salinity of 34.47 psu.

The downward flux of oxygen was then calculated to

be 0.39 x 1 0 - 6 mol/m2/s (0.034 mol/m2 /day), under the same assumption of 36µ for the

thickness of the surface laminar layer. It is noted that the center of the upwelling dome could
be between the two transects and missed by the sampl ing stations as indicated by the satellite
imagery of the sea surface temperature during the September cruise (Liu et al., 1 992). If the
same situation occurred in March, then the estimated oxygen would be an underestimation.

The thermal flux at sea surface was more complicated to calculate than the oxygen
flux (see Appendix for detail). It consists of several components, namely the solar heating,
heat loss from longwave radiation, evaporation, and sensible heat flux. The solar radiation

is measured at some but not all weather stations. For our calculation, we used the mean
value (1 1 5 W/m2 ) of global solar radiation data measured during March 4-9, 1 990 at the II an

Weather Station of the Central Weather Bureau. The other heat fluxes can be calculated from
the sea surface temperature, and the temperature, humidity, wind speed and cloud coverage
over the sea surface (Pickard and Emery, 1 990). The mean air temperature (2 1 .7° C) and
wind speed (6.4 mis) in the upwelling region were obtained from ship board measurement.

The relative humidity (93 .5%) and cloud coverage (85 %) were adopted from the mean values

measured at Pengchia Yu by the CWB. The mean sea surface temperature (20.87°C) of the
upwelling region was calculated from the CTD data. The calculated values for the net thermal

flux to the water at the sea surface was: 98 W/m2 •
Oxygen concentration in seawater is affected not only by physical processes but also by

biological processes. It is produced during photosynthesis and consumed during respiration.

Both processes involve nitrate transformation in the opposite direction. In the model, the net
oxygen productivity was assumed proportional to the net consumption rate of nitrate which
was in turn calculated from the nitrate budget. The Redfield ratio, 8.6, for 02 /(-N03
used as the proportional constant (Redfield et al., 1 963).

-

) was

The model calculation yielded an upwelling velocity of 6.3 x 1 0 - 5 mis (or 5.4 rnlday),
which corresponded to an upwelling transport of 0.2 Sv into the box. If the upwelling was

supported by bottom intrusion with a thickness of 50m along the bottom, the shelfward
velocity would be 7.2 cm/s within the width (50.8km) of the P-box. The calculation also
showed that the oxygen flux from the atmosphere was almost as important as the net oxygen

input from l ateral exchange, whereas the thermal flux from above was less than one half of
the i:iet. thermal flux from lateral exchange. The turnover time of the water in the box was

calculated to be 8 days. About 3/4 of the water replacement was attributed to upwelling.

The upwelling velocity implied an nutrient flux of 0.04 mol N/m2 /day, which amounted to a

transport of about 1 750 metric tons of nitrogen as nitrate to the box daily. Such a transport
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was much stronger than the daily mean transport of 100-360 metric tons estimated for the
southeastern U.S. continental shelf during events of Gulf Stream intrusion (Lee et al., 1981;
Atkinson e t al., 19 84).
Because the area and the degree of oxygen undersaturation in the surface water of
the upwelling region were both lower limits, the upwelling velocity and transport should
also be underestimated. However, the model had many assumptions which may lead to
considerable uncertainties in the results. Most notably, the steady state assumption may
not be representative of the transient state, keeping in mind that considerable temperature
fluctuation with a range up to 3 °C over a week was observed by the mooring at 190 m
depth at station W (NSC, 1991). Secondly, the temperature and chemical properties of the
waters transported in or out of the box were not as uniform as suggested by the model.
Thirdly, the lateral water exchange across the strong salinity front between the upwelling
dome and the inner shelf water was neglected in the model,. but, in reality, it might not be
negligible. Finally, the water properties showed considerable spatial variation so that the
sampling stations were probably not close enough to capture all the essential features.
The model calculation also predicted a net oxygen productivity to be 0.26 x 1 o- 6
mol/m2 /s, which warranted further comparison with other measurements. The primary pro
ductivity in the sea off northern Taiwan has been measured to be 1 . 1 ± 0.6 gC/m2 /day in the
spring (Hung et al., 19 80), which corresponds to an oxygen productivity of ( 1 .3 ± 0.7) X
10-6 mmol/m2 /s under the assumption of an 02 /(-C0 ) ratio of 1 .2 during photosynthesis
2
(Ryther, 1965). If the oxygen productivity in the study area was similar to this value, only
20% of produced oxygen in photosynthesis survived respiration in the top 60m. The flux of
oxygen consumption in the box was calculated to be 1.0 X 10-6 mol/m2 /s, which corre
sponds to an average rate of 1.6 X 10-3 mol/m3 /s. This value is comparable to the oxygen
consumption rate of (1.4± 1 .0) x 1 0-3 mol/m3 /s for the surface water in the Peru upwelling
region (Packard et al., 19 83). The net oxygen production calculated from the model also
supported the assumption of insignificant biological effect on oxygen in the surface layer for
the calculation of the diffusion coefficient in the last section. For the surface l ayer of lOm,
the net oxygen production would be about 0.05 x 10-6 mol/m2 /s, which was considerably
less than the mean diffusive flux of 0.39 X 10-6 mol/m2 /s.
In addition, sensitivity tests were made by varying the heat or oxygen fluxes at sea
surface, which were obtained by calculation rather than from observation and, therefore, are
the most uncertain. An increase or decrease by 50% of the fluxes yielded variation in the
resultant upwelling velocity by less than 35%. If the upwelling water was assumed to have
the mean properties of the water from 60-120m beneath the box, the resultant upwelling
velocity was lower by about 20%, suggesting that the choice of these parameters was not
overly sensitive. The significance of the lateral exchange with the inner shelf water was also
investigated by calculating the intensity of the lateral exchange between the upwelling dome
and the inner shelf water needed to balance the salt budget, which was not considered in our
model calculation. The results showed that the transport was less than 1/3 of that between the
upwelling dome and the Kuroshio Water but the contribution to the oxygen input could be
as important as the other sources. If this extra flux was included in the model, the estimated
upwelling velocity would increase by about 30%. Because the frontal salinity gradient was
too great to be resolved by the sampling stations, the salt budget was not likely to be balanced
with sufficient accuracy. Model deficiencies aside, the estimated upwelling velocity should
be correct within a factor of 2.

266

TAO, Vol.3, No.3, Sep. 1 992

To improve further, intensive observation, both in terms of time and space, is needed to
better define the temporal and spatial variation of the water properties within and surround
the upwelling dome. Direct measurement of primary productivity and grazing rate will help
to determine the biological effect on oxygen budget more precisely. The limiting time scale
for our model was the oxygen exchange rate at the sea surface. In this regard, a better tracer
for studying the air-sea exchange process is 222 Rn (e.g., Broecker and Peng, 1 974), which
has a half life of 3.8 days, and, therefore, is ideally suited for a system with a turnover time
of about a week. Finally, the horizontal circulation pattern in the study region should be
better defined to construct a more realistic model.
5. SUMMARY AND CONCLUSIONS

Monthly hydrographic survey in the KEEP study area during August 1990 - July 1991
indicated that upwelling dome existed all year around. When temperature or nitrate distri
butions failed to distinguish the upwelled water from the shelf water in March and April
1 99 1 , dissolved oxygen served the purpose rather nicely. The cold and high-oxygen shelf
water readily contrasted with the oxygen-depleted upwelled water during that period. The
upwelling domes showed more or less symmetric structure with respect to the shelf break
throughout the year, except during episodes of onshore movement of the Kuroshio onto the
East China Sea in October and April . When horizontal intrusion occurred, the shelfward half
of the dome structure showed isopleths almost parallel to the sea floor. During two cruises,
a secondary dome was observed. The center of upwelling stayed fairly fixed at the shelf
break with only slight oscillation, suggesting a locking effect probably controlled by bottom
topography. The surface shelf water was rich in nitrate during the NE monsoon period. When
the shelf water outflowed as filaments, it could provide the barren surface w ater of the open
sea with nutrients.
The upwelling center was undersaturated with oxygen from December to May. A box
model was invoked to simulate the undersaturation process observed in March 1 99 1 . The
mean downward flux of oxygen from the atmosphere to the surface seawater was estimated
to be 0.034 mol/m2 /day. Considering the balance of heat, oxygen and nitrate, and biological
activities relating the last two, we calculated an upwelling velocity of about 5 m/day to
maintain a steady state in the upper 60m of the upwelling dome. For the upwelling area of
2900km2 , the total upwelling transport was about 0.2 Sv, and the nitrate transport was about
2 x 1 09 gN/day.
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Append ix. Arithmetic of the Box Model

A box model was used to calculate the upwelling velocity of the bottom water to the

upper l ayer in the upwelling region (Figure 1 1 ). The box represented the upper layer which

is assumed to be at a steady state with respect to nitrate and oxygen concentrations and
temperature. Mass balance and thermal balance were used to calculate the upwelling flux
and the lateral transport needed to balance the oxygen and thermal fluxes from above. The
net oxygen production was calculated from the nitrate consumption rate needed to balance
the nitrate fluxes. Upwelling is the only vertical water transport; all other water transports
are lateral exchange with the Kuroshio Water.
The input and output parameters used in the model are listed in Tables A- 1 and A-2,
respectively. The equations for balance of heat, oxygen and nitrate are as the following:
Table A- 1 . Input parameters of the box model
Parameters (unit)

Description

A (m2)

Area of the upwelling region (UR)

C l (mol/m3 )
C2 (movm3 )

Mean [02] of the box (upper layer of the UR)
Mean [02]

in

the upper Kuroshio Water

Cb (movm3)
Cloud (oktas)

Mean [02] in the bottom layer of the UR

CN I (movm3)
CN2 (mol/m3 )

Calculated mean nitrate concentration in the box

CNb (mol/m3)
Cp (J/m 3 )

Cloud coverage (0-8)
Mean [N03-] in the upper Kuroshio Water

Mean [NQ3 -J in the bottom layer of the UR
Volumetric heat capacity of seawater at normal pressure

Cs (molfm3)
D02 (m2/s)

Molecular diffusivity of oxygen at SS

Film (m)

Film thickness of gas exchange at S S

h (%)

Relative humidity at 1 0 m above SS

[02] at the sea surface (SS) of the UR

Pwa (kPa)

Vapor pressure at 10 m above S S

Pws (kPa)

Vapor pressure at SS

Qsolar (W/m2)

Heat flux to the sea from solar radiation

Rr

Tl, TI, Ta,Tb (°C)

Redfield ratio of 02IN03

=

8.6

Same as C l , C2 etc., except for temperature(°C)

Ts, Ss

Temperature (°C) and salinity (psu) at SS

v (mis)

Wind velocity at 10 m above SS

Zbox (m)

Thickness of the box (upper layer of the UR)
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Table A-2. Output parameters of the box model
Parameters (unit)

Description

Bnet (molfm2/s)

Net input of oxygen from biological activities
Solubility of oxygen at SS

Csat (molfm3)

Oxygen flux at S S

F (mol/m2/s)

fOX

Fraction of contribution of F to the total oxygen flux to the
box except upwelling

bOX

Fraction of biological contribution in total oxygen flux to
the box except upwelling
Fraction of contribution of Q in total heat flux to the box
except upwellini:i;

tQ

Heat flux to the box at SS

Q (W/m2)
Qcon (W/m2)

Conduction heat flux at SS

Qlat (W/m2)

Latent heat flux (evpor., condensat.) at SS

Qrad (W/m2)

Radiative (long wavelength) heat flux at SS

Tau (s)

Residence time of seawater in the box

rUP

Fraction of contribution of upwelling in water exchange

UP (m3/s)

Transport of upwelling into the box

W (mis)

Upwelling velocity

X (m3/s)

Volume transport of lateral water exchange

Q
F

x

x

A + Cp(Tb - Tl )

A + (Cb - Cl)

(CNb - CNl)

W

x

W

x
x

x

W

x

A f Cp(T2 - Tl)X

=

0,

(Al)

A + (C2 - Cl)X + Bnet

x

A = 0, and

(A2)

A + (CN2 - CNl)X + Bnet

x

A/Rr

(A3)

x

=

O,

where Q is calculated from the different components of the heat budget as suggested by
Pickard and Emery (1 990):

Q

=

Q solar + Qrad + Q cond + Qlat

(A4)

The value of each component was either measured or calculated from the sea surface con
ditions and meteorological data. The global solar radiation was taken from meteorological
data of the Central Weather Bureau. The other values were estimated from the following
relationships:

Qrad

=

-(143 - 0.9Ts - 0.46h) ( l - 0.l Cloud)
Qcond = l .88v(Ta - Ts)

( A5 )
(A6)

Liu et al.

Qlat = - 1 .4(Pws - Pwa)v(2494 - 2.2Ts)
The solutions for

W, X
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(A7)

and Bnet are as follows.

W =( F + Q( (C2 - Cl) + Rr(CN2 - CN 1 ))/(T2 - Tl) /Cp) /
((Cb - Cl) + Rr(CNb - CN1)
- ((02 - Cl) + Rr x (CN2 - CNl ) ) x (Tb - Tl) /(T2 - Tl)) (AS)
-

X

= -A x ((Tb - Tl) x W + Q/Cp)/(T2 - Tl)

Bnet = Rr x ((CNb - CN l) x W + (CN2 - CNl ) x X/A)

(A9)
(AlO)

The upwelling transport and the residence time of the water in the box were calculated by
the equations:

UP = W x A
Tau = A x Zbox /(X + UP).

(All)

The significance of upwelling to the turnover o f water in the box was calculated a s follows.

rU P = W x A/(X + UP)

(A12)

The contribution of the thermal and oxygen fluxes from above the sea surface in the total
input fluxes other than upwelling were calculated according to the following relationships.

JOX = F/(F + p - R x Zbox + (C2 - C l ) x X/A)

( A 13)

J Q = Q x A/(Q x A + ( T2 - Tl ) x X x Cp)

(A 1 4)

The importance of the biological activities in the total input flux of oxygen other than up
welling was calculated according to the following relationships.

bOX = fOX

x

(p - R x Zbox)/F

(A 15 )

The values of input parameters and the results of calculation are listed in Table A-3. The
value of each hydrographic and chemical parameter was estimated by averaging the integrated
means along the two transects. For the values within the box and below the box, the stations

from 53 1 5 to 5 1 2A along transect A and from 5521 to 5323 along transect B were used for
evaluation (Figure 1 ). For the parameters of the Kuroshio Water, the stations from 5022 to

4430 along transect A and from 5224 to 4531 along transect B were used for evaluation.
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Table A-3. Values of input and output of the box model

Input

parameters
A (m2)

Input

values
2.9x1 09

Output

parameters
Bnet (mol/m2/s)

Output

values
0.26xt0-6

Cl (molfm3)

0.208

C2 (mol/m3)

0.2 1 7

Cb (mol/m3)

0.194

tOX

Cloud (oktas)

6.8

bOX

0.30

tQ

0.21

CNl (molfm3)
CN2 (mol/m3)
CNb (molfm3)
Cp (J/m3 )
.Cs (mol/m3)
DOZ (m2/s)
Film (m)

h (%)

5 .56x10-3
0.26xl0-3
7.92x10-3
3 .9xt o6
0.22 1
2.04x10-9
3

.0x10-5

Csat (molfm3)
F (molfm2/s)

Q (W/m2)

Qcon (W/m2)
Qlat (W/m2)

Qrad (W/m2)
Tau (s)
rUP

9 3 .5
2.5 1

UP (m3/s)
W (mis)

Pws (kPa)

2.42

Qsolar (W/m2)
Tl C'C)

115

X (m3/s)

19 .67

Ta (°C)

23 .85
21 .70

Tb {°C)

17.79

Ts (DC)

20.87

Ss (psu)

34.47
6.4

Pwa (kPa)

T2 (°C)

V (mis)
Zbox (m)

60

0 .228
0.39x10-6
0.46

97.5
10
-1.6

-26
7.0x105
0.74
0. 18x106
0.63 x tQ-4
0.65x105
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