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ABSTRACT 

There exists a need in the oceanography community to be able to produce 

climatologies of remote or poorly sampled shallow water areas through remote 

sensing techniques. Our goal was to construct a three-dimensional thermal 

structure of the Yellow Sea based primarily upon sea surface temperature data. 

The ability to do this successfully could lead the way to applying these techniques 

elsewhere using remotely sensed SST. The shallow water and dynamic conditions 

of the Yellow Sea made it an ideal study area. The large MOODS observational 

data set for the area provided us with 15,000 observations from 1929 to 1991. 

For the winter months we used regression techniques on the predominantly 

well-mixed, vertically isothermal profiles with excellent results. For the summer 

we applied a Feature Model which extracted physically significant depths and 

gradients from the observations. These modeled data were statistically compared 

with mixed results indicating little link between SST and mixed-layer depth but 

good correlation between SST and thermocline gradient. We believe interannual 

variability and significant sampling errors in our data contributed to our mixed 

results. Overall, we feel our approach is robust and has potential for further 

applications providing data quality issues are addressed. 
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I.  INTRODUCTION 

Satellite remote sensing provides global scale surface 

parameters such as sea surface temperature, wind speed and heat flux 

for oceanographic studies. Determination of sub-surface ocean 

structure from surface parameters becomes important for effective 

utilization of these satellite data. While in-situ data collection 

will probably never be replaced by remote sensing techniques, the 

ability to produce three-dimensional climatological data bases may 

be possible using remote sensing methods. Of specific interest are 

those areas where we lack good climatological information either due 

to lack of sampled data or highly variable conditions which render 

traditional evaluation ineffective. The latter problem applies to 

shallow water regions which undergo many short term or seasonal 

vertical structure changes. In many of these areas there is no 

permanent or semi-permanent deep thermocline to lend some 

consistency to shallow profiles. Without some portion of the 

vertical structure remaining fairly constant there must be a 

flexible and robust method to attempt to link surface and sub- 

surface features. The method must be physically sound and applicable 

over areas large enough to be useful to the oceanographer and 

tactically significant to naval forces. The Yellow Sea stands out 

as a prime location to attempt to develop such a method. Shallow 

water, strong seasonal climate changes and strong forcing both by 

ocean currents (Kuroshio to the south) and winds set up by monsoons 

and episodic events make this a highly dynamic area. Additionally, 



the area is of great importance both as a major commercial shipping 

route and as a potential military "hot spot". 

A few studies have been completed discussing the relationship 

of surface conditions to sub-surface structure. Liu et al. (1992) 

have published a study dealing primarily with water mass 

distribution but it provides no forecasting insight with the 

exception of generalized locations and characteristics. Haeger 

(1992) has had limited success developing techniques to determine 

vertical thermal structure in the Barents Sea from surface 

temperature but water depth and forcing conditions are significantly 

different from those in the Yellow Sea. Zhao (1989) discusses in 

some detail the mechanisms of thermocline formation in the Yellow 

Sea and their distribution but again does not attempt to develop a 

predictive link to sea surface temperature. A numerical model was 

used by Jin et al. (1993) to predict vertical thermal structure. 

Their modeled profiles vaguely followed the shape of the actual 

profiles but were overly smoothed and indistinguishable. Wan et al. 

(1990) vised a similar approach with a one-dimensional, three layer 

model and produced good results in the shallowest areas of the 

Yellow Sea but were poor in deeper areas. We will use techniques 

similar to Haeger (1992) to study the Yellow Sea thermal structure. 

Our data is a subset of the worldwide Master Oceanographic 

Observation Data Set (MOODS) and consists of over 50,000 profiles 

before quality control and binning for desired area coverage. The 

data cover the years 1929 through 1991 and come from numerous 

instrument types including XBT's, CTD's, and Nansen bottles. 

The basic approach in this study consists of two models for two 

typical profile "types".  Winter profiles for the Yellow Sea 



typically display an isothermal structure. A regression analysis 

will be applied to the winter profiles and the results statistically 

evaluated. Summer profiles show the familiar three-layer structure 

of a mixed-layer, thermocline and deep layer. Regression techniques 

will not be appropriate in this case. In order to provide a basis 

for comparison of profiles from different locations 

"characteristics" from each of the summer profiles will be produced. 

These characteristics must provide a physical interpretation of the 

profile rather than just temperature-at-depth values. More 

significant than temperature/depth pairs are gradients of 

temperature within a layer, mixed layer depth and the depths at 

which inflection points of the profile occur. To produce these 

values we must first obtain a high resolution profile of the 

original observation. This will be accomplished by interpolation 

from surface to bottom at close interval and will allow 

determination of inflection points in the profile. Gradient 

information will be provided by taking the first derivative of the 

high resolution profile (yielding the slope or gradient) . Portions 

of the profile which are non-linear over two or more interpolation 

intervals will be modeled using parabola-shaped segments inserted 

into the "gradient space" profile. These segments will model 

transition from the mixed-layer to the thermocline and from the 

thermocline to the deep layer. From this procedure we will then 

obtain a "characteristic" file containing sea surface temperature, 

mixed-layer depth, mixed layer gradient, depths for top and bottom 

of the thermocline, thermocline gradient, depths for top and bottom 

of the deep layer and deep layer gradient. 



Using these methods it is hoped that a physically based, 

consistent approach can be used over the Yellow Sea in order to 

construct a three dimensional thermal structure for both the winter 

and summer seasons. 



II.  YELLOW SEA METEOROLOGY AND OCEANOGRAPHY 

A.  METEOROLOGY 

As discussed by Nestor (1977), the Yellow Sea area is within 

the circulation patterns set up by the Asian monsoon. This monsoon 

pattern generates very cold northwest wind in winter as a result of 

the Siberian high. The average daily high temperature during January 

on the Korean Peninsula is near 0°C. During the winter the Jet 

Stream is positioned just to the south of the Yellow Sea and the 

Polar Front just north of the Philippines. In addition to the 

monsoon-derived wind flow, periodic "Shanghai Lows" form over the 

Yellow Sea providing another source of surface wind stress. Typical 

February locations for these features are shown in Figure 2.1 and 

are discussed in detail by Krishnamurti and Surgi (1987) and Boyle 

(1987) . According to the U.S. Navy Regional Climatic Study of the 

Central East Asian Coast and Associated Waters (Elms, 1989), the 

mean scalar wind speed in the Yellow Sea reaches a maximum in 

February with an average of 35 m/sec near the central portion. Mean 

scalar surface winds over the whole region average nearly 28 m/sec 

from the north. The change of season begins in March when 

temperatures are 5°C warmer than in February. Rapid weakening of the 

Siberian high progresses into April. 

In late April the Polar Front has moved northward toward Korea 

with warm, moist air following behind. Numerous frontally-derived 

events occur making late April and May highly variable in terms of 

winds and cloud free days. By May daily high temperatures rise to 

between 15 and 16°C. During this time period storms originating over 



Mongolia may cause strong, warm westerlies carrying yellow desert 

sand (termed "Yellow Winds") . 

By late May and early June the summer low pressure system 

begins to form over Asia. Initially this low pressure area is 

centered north of the Yellow Sea producing westerly flow. In late 

June this low begins to migrate to the west setting up the southwest 

monsoon that dominates the summer months. The winds remain variable 

through June until strengthening of the Manchurian low occurs. The 

mean location of the Polar Front is now just south of the Japanese 

islands of Kyushu and Shikoku. Jet stream position is just south 

of Korea. Figure 2.1 shows the mean June locations of these 

features. June also marks, historically, a jump in precipitation 

associated with the warm, moist air south of the Polar Front (Watts, 

1969). Occasionally Okhotsk highs block the northerly progression 

of the Polar Front. By July, however, high pressure (Bonin high) 

to the south and the low over Manchuria produce southerly flow 

carrying warm, moist air over the Yellow Sea. 

In August the Polar Front has moved north to a position over 

North Korea. This is a time of very high temperatures (the mean 

daily temperature in August is in the 32-35°C range) and very 

unstable weather conditions. Despite the very active meteorological 

conditions, June through September have relatively low mean wind 

speeds of between 18 and 24 m/sec over the central Yellow Sea. By 

September the mean temperature drops to near 27°C and the Polar 

Front begins a rapid southerly migration as winter conditions begin 

to return. October brings the first cold outbreaks and November the 

onset of winter conditions. Winds in October are variable but begin 

to show a northerly bias. November mean wind speeds are not as high 



(a) 

(b) 

Figure 2.1. Mean locations of pressure systems and winds for the 
months of (a) February and (b) June, (from Langhill, 1976) . 



as late winter (around 24-26 m/sec) but the direction is primarily 

northerly throughout the winter. This completes the annual cycle. 

Table 2.1 summarizes the annual cycle. 

As relevant to oceanographic forcing, the Yellow Sea 

experiences the strongest surface wind stress in February and March 

and a minimum of solar insolation during that period. The mean wind 

stress is lowest and solar insolation is highest in August and 

September. 

B.  OCEANOGRAPHY 

The Yellow Sea is a semi-enclosed basin covering roughly 

295,000 square kilometers and is one of the most developed 

continental shelf areas in the world (Yanagi and Takahashi, 1993). 

For purposes of this paper the "Yellow Sea" is defined as the Bohai 

Sea, Huanghai (Yellow) Sea and northeast portion of the East China 

Sea. Continental boundaries for this area are mainland China to the 

north and west and North and South Korea to the east. The 32 degree 

north latitude line is the southern boundary based upon 

observational analysis discussed in Chapter III. 

While the Yellow Sea covers a relatively large area (roughly 

300,000 square kilometers), it is uniformly shallow reaching a 

maximum depth of about 140 m. The water depth over most of the area 

is less than 50 m. The deepest water is confined to a north-south 

oriented trench which runs from the northern boundary south to the 

100 m isobath where it fans out onto the continental break. The 

gradients in slope across the bottom are very small and there are 

no distinct topographic features seaward of the coastline. Coastline 

surrounding the Yellow Sea is convoluted, possessing numerous inlets 

and small islands (Figure 2.2). 
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122 
Longitude (E) 

Figure 2.2. The Yellow Sea study area with isobath contours. 
Bathymetry information is from the NGDC and Naval 
Oceanographic Office DBDB5 world bathymetry data bases. 
Depths are in meters (m). 
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The circulation in the Yellow Sea is primarily forced by 

monsoonal winds and strong surface heat fluxes (Yanagi and 

Takahashi, 1993) . Water mass formation is a result of the interaction 

of forces as well as river runoff and the intrusion of East China 

Sea and Kuroshio Water from the south. Li and Yuan (1992) used a 

theoretical approach to analyze the circulation and water mass 

formation mechanisms and their results agreed quite well with 

observed data. One significant feature is the cold bottom water 

mass in the central Yellow Sea called "Cold Water Mass in the Yellow 

Sea" (CWYS) by Li and Yuan. The CWYS is not a result of intrusion 

by Kuroshio or East China Sea Water but is locally generated. 

During summer CWYS has been observed and modeled to circulate 

cyclonically with corresponding vertical upwelling in the center and 

downwelling at the edges. According to Li and Yuan the vertical 

convection occurs within a thin layer near the thermocline and does 

not persist all the way to the bottom. Su and Weng (1994) use the 

principle of modified water masses to construct a picture of the 

circulations and water masses of the Yellow Sea (Figure 2.3) . 

Yanagi and Takahashi (1993) describe a similar circulation pattern 

but also say that the summer circulation reverses itself near the 

bottom. Their study shows that the Yellow Sea circulates anti- 

cyclonically from surface to bottom during winter. Figure 2.4 shows 

the regional circulation patterns for the Yellow Sea and surrounding 

areas (Guan, 1994). 

An analysis by Liu et al. (1992) describes a complex water mass 

structure in the Yellow Sea based upon temperature and salinity 

properties. Generally the area can be divided into the central 

Yellow Sea, coastal areas, the area subject to intrusion (southern 

11 



Figure 2.3. Modified water trass distribution and circulation 
patterns in the Yellow Sea for; a) February; b) May; c) 
August; d) November. Y - Yellow Sea mixed water, YS - Yellow 
Sea nearshore water, YE - Yellow Sea and East China Sea mixed 
water, E - East China Sea mixed water, M - fully mixed water, 
K - Kuroshio water, F - Continental coastal diluted water 
(from Su and Weng, 1994). 
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Figure 2.4. Regional circulation patterns for the Yellow, 
Bohai and East China Seas for winter (a) and summer (b) . a, 
Kuroshio; b, Tsushima Warm Current; c, Yellow Sea Warm 
Current; d, Bohai Sea Circulation; e, Taiwan Warm Current; f, 
China Coastal Current; g, South China Sea Warm Current; h, 
West Korea Coastal Current (from Su and Weng, 1994). 
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Yellow Sea) and the Bohai Sea. Su and Weng (1994) make a similar 

analysis. When considering temperature characteristics alone, the 

central region stands out due to its cold bottom water. As summer 

brings strong surface heating, this cold water produces the sharpest 

thermocline gradients in the region. During winter this water 

provides a significant buffer preventing central water temperatures 

from reaching the near-freezing temperatures that the nearshore 

regions experience. The nearshore regions generally follow air 

temperature trends with the coldest sea surface temperatures being 

found to the north in the Bohai Sea during winter and warmest on the 

east and west boundaries during summer. The Bohai Sea maximum 

surface temperature is moderated in summer due to significant river 

discharge by the Huang River. In the very nearshore, large tidal 

ranges (more than 10 m at Inchon) cause strong mixing and near 

homogeneous thermal structure year round. 
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III.  MIXED-LAYER DYNAMICS 

A.  THEORY 

The observed vertical temperature profiles in the Yellow Sea 

exhibit two dominant shapes, one associated with the winter season 

and the other with the summer season. Both of these profile types 

are represented in Figure 3.1 by plots of two observations from the 

Yellow Sea. There are transitional profiles with different degrees 

of stratification but all follow the basic shape of one of the two 

types. Based upon the presence of a vertically uniform surface layer 

(i.e., the ocean mixed-layer) in a majority of the profiles, mixed- 

layer dynamics is expected to provide a basis for understanding the 

factors influencing the seasonal profile characteristics. 

A simple mixed layer model provides the necessary framework to 

predict the sea surface temperature by the divergence of vertical 

heat fluxes 

^+u.VTs=Q°-A{U)
h
Q-» (1) 

at   s p0Cph 

where Ts is the sea surface temperature, u is the horizontal 

velocity, Q, is the net surface heat flux (positive sign indicates 

downward flux), Q.h is the entrainment heat flux, p0 is the seawater 

density, Cp is the specific heat capacity of the seawater (under 

constant pressure), his the mixed-layer depth and A(II)is the 

Heaviside step function of n 
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u        3     CgghQ. (2) 

P0CP 

which denotes the surface forcing condition. Cx and C2 are tuning 

coefficients and a is the thermal expansion coefficient. A is 1 for 

strong surface wind forcing where II > 0, otherwise A is 0. 

Turner and Kraus (1967) discuss the relationship between 

surface forcing (wind stress, surface heat fluxes) and the mixed 

layer entrainment process. Chu and Garwood, (1991) and Chu et al. 

(1990) utilize a simple model to parameterize a prognostic equation 

for mixed-layer depth, h, 

H-».-»... (3) 

with we representing the vertical velocity at the base of the mixed- 

layer and w_h representing the rate of change of the mixed-layer 

depth. Considering the turbulent kinetic energy and only considering 

work by the surface wind and bouyant damping (forcing) due to 

surface heating (cooling) as sources and sinks we can parameterize 

entrainment velocity with 

w= -  (4) e gha(TB-T.h) V ' 

where we is the vertical velocity at the mixed-layer base produced 

by interior oceanic dynamics or Ekman pumping. Finally, we arrive 

at two heat equations with one for the entrainment regime and the 

other for the shoaling regime. 

16 



^+u.Vrs=--?^% (5) 
dt s      p0Cph 

4^=u.Vrs=-^4 (6) 
dt s   p0Cph 

B.  APPLICATION TO THE YELLOW SEA 

With both the mean annual maximum surface wind speed and solar 

insolation minima occurring in February, conditions favor an 

entrainment regime. Evaluation of the data supports this since there 

is an almost complete lack of significant stratification during the 

winter months. With strong winds and low positive or negative 

surface heat flux, entrainment dominates dynamically. Hence, it 

follows that temperature profiles should be nearly isothermal. 

Deviations from this do occur which may, in part, be explained by 

episodic meteorological events and local mesoscale influences such 

as river runoff or ice formation. 

During the summer months surface wind speeds are at a relative 

minimum and solar insolation at maximum values (with August being 

the minimum wind speed month) . This strong positive heat flux into 

the ocean combined with lower wind stress favors a shoaling regime. 

As evidenced by the collected data, this mixed-layer/thermocline 

structure makes up the majority of the profiles. As discussed 

previously, the summer season is subject to numerous tropical 

disturbances, storms and typhoons. These episodic events may cause 

periodic bursts of high surface wind stress and subsequently deeper 

mixed-layers or in rare cases isothermal conditions. 
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These regimes hold true through the previously defined seasons. 

During the transition periods of May and November a mixture of both 

regimes may occur. It would appear that a combination of analytical 

methods would be required for these months. 
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Summer Season Profile Winter Season Profile 

10    20 
Temperature (C) 

6      8 
Temperature (C) 

Figure 3.1.  Typical seasonal profiles for; (a) Slimmer (August) 
1972, in the central Yellow Sea and (b) Winter (February) 1969 in 
the central Yellow Sea.  Both observations are from the MOODS 
observational data base. 
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IV. METHODS 

A.  INITIAL DATA ANALYSIS AND BINNING 

The MOODS data set is a compilation of all reported 

observations over all the world's oceans. Due to the shear size 

(several million profiles) and enormous influx of data, quality- 

control is a difficult task. Erroneously recorded locations or 

poorly recorded profile data are archived as reported. The study 

domain covers the area 32°-41°N and 118°-127°E and the data set 

within this area initially consisted of just over 15,000 profiles 

covering a time span from 1929 to 1991. 

The first disqualification criteria for profiles was based upon 

bathymetry. As there are no areas within the established boundaries 

that are deeper than 150 m, a binning program was constructed which 

discarded any profiles that extended to depths greater than 150 m. 

This initial quality control discarded 50 profiles. As a next step 

in quality control, unusual or "oddball" profiles were inspected for 

possibly erroneously recorded data. If profiles were drastically 

different than other profiles in the area and time frame, they were 

discarded as a conservative approach. This quality control step 

discarded another 15 profiles. The final data set consisted of 

14,989 profiles. 

To aid in visualizing the vertical thermal variability of 

profiles during the winter months, a series of scatter plots was 

generated of sea surface temperature (SST) versus the temperature 

at 30, 50, 70 and 100 m. These plots allow qualitative evaluation 

and give the analyst a chance to see early trends in the data and 
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determine what later analysis may be useful. Additionally, for the 

summer months, mixed layer depth (MLD), thermocline gradient and 

thermocline differential temperature data were gridded over the area 

and contoured. In order to make this data more useful during 

analysis they were continuously interpolated between contours to 

produce color shaded images. SST for all months was done in a 

similar manner. These plots are shown and discussed in Chapter V. 

B.  WINTER SEASON ANALYSIS 

Our initial evaluation resulted in designating December, 

January, February, March and April as the winter season. 

Climatology of the Yellow Sea and studies previously mentioned 

revealed that the winter season thermal structure is very uniform 

in the vertical due to buoyant instability and strong wind forcing. 

A regression analysis of SST versus temperature at depth was 

performed on the winter months at 30, 50, 70 and 100 m and the 

correlation coefficients, CC(i,j), for the temperature values at 

the different levels were calculated for the profiles 

CC(i.i)--      liT^]'^}       ■ (7) 

Ti denotes the observed temperature at the ith level, Tj denotes the 

observed temperature at the jth level and overbars represent the 

mean values of the ith and jth level components. Additionally, the 

standard deviation of the winter data set is calculated and plots 

of sea surface temperature versus temperature at depth and the 

regression line were produced. 
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C.  SUMMER SEASON ANALYSIS 

Summer is comprised of June, July, August, September and 

October in our study. Most summer profiles exhibit the mixed layer, 

thermocline and deep layer profile characteristics. To grasp the 

major features of the profiles, a feature model has been developed 

in the Naval Oceanographic Office (Haeger, 1992) for diagnosing 

ocean thermal structure from observational temperature profiles. 

The model was originally called the Gradient Model. Several 

parameters, which represent major characteristics of each 

temperature profile, are SST, MLD, thermocline depth and thermocline 

temperature difference. The feature model transforms each profile 

into a set of these parameters. The feature model contains three 

components or steps: (a) a "first guess" feature model, (b) high- 

resolution profiles interpolated from observations, (c) fitting of 

the high resolution profiles to the feature model. 

1.  Gradient space 

If we consider profiles in gradient space, i.e., Gp = dT(z)/dz, 

each profile can be represented by the SST plus gradients below the 

surface, e.g., 

[SST,GT(0,z1) ,GT(z1,z2) , . . . ,GT{zn_1,zn) ]        (8) 

for the temperature profile. Here, n + 1 is the number of data 

points and Z; (i = l,2,...,n) are the depths of the data points. 

For example, 100 temperature/depth points would produce 99 gradient 

values. If SST is included, we have the same amount of data in 

gradient space as we had in the original temperature space data. 

Gleaning physical meaning from a large number of gradient/ 

inflection point combinations is difficult. 
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2.  Feature model 

Observation shows that the suirmertime Yellow Sea exhibits a 

layered structure (Figure 3.1). Based on the continuity of T and 

dT/dz at the interface of any two layers, a feature model (or model 

to extract physically significant features) can be constructed as: 

f<m) (z) =G±m) z+SST,   ze[-d1,0] 

f («) (Z) = (Z+di\  [ (G^-G^z+d^-d^**] +f(m) (-d,) , 
(d2-d1) 

ze[-d2, -dj 

f(th) (z) =0^ (z+d2) +f{en) (-d2), ze[-d3, -c?2] 

f <tD (z) = 
(z+d3} [(G]StA)-G<tr))z+d4g^

A)-d3GJtr)] +f(tw (-d3) , 
(d4-d3) 

z£[-d4,-d3] 

f1<d»=G3ldI)(z+d4)+f
(tr) (-d4), ze[-d5,-d4] 

f2(C) (z) = 
{z+dj\  [ (G^dl)-G^2)) z+HG±dl)-d&d2)] + f<d) (-d5) , 
(H- a5) 

ze[-H,-d5] 

(9) 

where (f{m), f{en), f{th), f(tr), f^d), f2
{d)) are modeled temperatures of the 

mixed-layer, entrainment zone, thermocline, transition zone and 

the first and second deep layers. H represents the water depth, 

dx the mixed layer depth, d2 the depth at the top of the 

thermocline, d3 the depth at the base of the thermocline, d, the 

depth at the top of the first deep layer and dg is the base of the 

first deep layer. Figure 4.1 shows the temperature and gradient 

space representations of these features. At this point we assume 
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constant vertical temperature gradients in the mixed-layer (Gr"1'«0) 

in the thermocline (GrtiJ)) and in the first deep layer  (Grdi)) • We 

assume the gradients are linearly varying with z in the entrainment 

zone, transition zone and the second deep layer with average values 

(G±en), a,!"1, G~}d2))  .  By forcing the feature model (9) to each 

observed profile shape, we should have a "first guess" of the five 

depths (dlr dj, d3, dj, d;) and a high resolution of temperature/depth 

points in the vertical to obtain the six vertical temperature 

gradients (G}m), G+th), G±dl), G}en), G±tr), G±d2)) .This treatment extracts 

the most important features from the observational data and allows 

direct comparison of profiles via their feature composition. 

3.  High  Resolution  Profiles  (HP)  interpolated  from 
observations 

Each of the MOODS profiles is linearly interpolated in the 

vertical to high resolution (AZ = 0.5 m) .  As an example, we can 

denote temperature Tj = T(Zj)  where Zj = Zj.2 -  0.5 m (z0 = 0) . Each 

observed profile is tagged with NAVOCEANO's DBDB5 bathymetry data 

base to provide the water depth H.   When the five depths (d^ d2, d3, 

dw cL,)  are known, we can divide the data set HP =   (zj#Tj) into six 

sections: 1) mixed-layer, 2) entrainment zone, 3) thermocline, 4) 

transition zone, 5) the first deep layer and 6) the second deep 

layer.  For each section or layer we fit {Tjr   Zj)   to the feature 

model (9) and obtain the six vertical temperature gradients 

lr,(m)    n(th)     n(dl)     ~X(en)    ^T(tr) ~P(d2) \ 
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TEMPERATURE GRADIENT 
SST I-) 0    (•) 

-   G- 

*vS- G^?1 

ith) 

H 

Figure 4.1. The temperature and gradient space represent at-ions of 
the features or profile characteristics modeled by the Future 
Model.  See the text for a complete discussion of the tenns 
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4.  Iteration method to obtain the Modeled Profile (MP) 

A modeled profile (MP) with a 0.5 m resolution can be obtained 

by using the feature model (9) if the five depths (dlt  4, d3/ dj, d;) 

are given. Prior to processing the data the depths are not known 

and vary substantially from profile to profile.  To obtain the 

optimal MP we use the iteration method. 

We begin with a set of "first guess" values of the 5 depths and 

3 gradients, 

no_/w
(0) w<0) w<0) w<0) w(0h D  - (Ö! , a2    , cr3 , a4 , a5 ) , do) 

(jj-  — y Lrj-   , L7J-    / Lrj-    )   • 

In this study the "first guess" values are 

D (0) = (20m, 24i7?, 22m, 38m, H) 
GT

0)
 = (0, -0.5°C/m, -0. 005° C/m) . 

We fit the feature model (9) to each profile HP, since we know the 

depths and gradients, and obtain a 0-th order modeled profile, 

called MP(0) = (zi# fy
o)) .  The root mean square error (RMS) for the 

mismatch of HP to MP(0) is computed by 

RMSM=   ±Y (f^'-r,) (11) 

where k=0. RMS(0) is expected to be large. 

Next, we apply the iteration technique to obtain the optimal 

MP for each HP profile. Each of the depths can be adjusted one 

vertical grid point for one iteration cycle (AZ or -AZ) . For the 

kth order (k starting from 0, the "first guess") set of depths, 

D(Jc), we have 242 (=35 - 1) possible combinations of depth 

adjustment, 
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D^l) =Dk+bDi.k) 

6D^k) = (dfk) + A z, d2
{k), JD3

(W , d4
(W , d5

U)) 
6D2

{k) = (dlk) -Az, d2
(k), D,«», cUM , d5

ik)) (12) 

6D2^ = (d^,d^,D^,d:k),d^^z). 

We therefore use (9) to produce 242 modeled profiles, among which 

we pick up a profile with the minimum RMS error as the (k + l)th 

order set of depths, D(jc+1). This procedure is repeated until the 

minimum RMS error is achieved. If the number of iterations reaches 

a prescribed limit (400), the iteration process is stopped and the 

RMS error is compared to a prescribed criterion (0.5°C) . If RMS < 

0.5°C, we obtain an optimal set of depths and gradients. If RMS 

> 0.5°C, we reject the feature model (9), i.e., the HP profile 

cannot be fitted by the feature model. These rejected profiles are 

discarded. 

5.  Flat and sloping bottom versions of the Gradient (Feature) 
Model 

There are currently two versions, flat bottom and sloping 

bottom, of the Gradient Model of which we use the latter.  In the 

original, flat bottom version the program required that a maximum 

depth be entered to perform calculations to. This depth then became, 

in effect, the depth of all profiles. This resulted in errors due 

to sloping bottom biasing where deep profile features could be 

missed completely or shifted incorrectly to shallower depths. To 

overcome this problem, Haeger (1994, personal communication) 

developed the second, sloping bottom type which requires two depth 

related inputs. The first is the minimum depth to accept a profile. 

This prevents extremely shallow profiles from contaminating the data 

output. Very shallow profiles are almost universally homogeneous in 
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the vertical in the Yellow Sea and would be of little analytical 

value. We select a depth of 30 m for the profile minimum. The 

second input is the percent of the water column a profile must 

extend to be retained. This allows the gradient and depth 

calculations to be performed over the individual profile length 

rather than a preset depth. The bottom cannot be chosen (100%) 

since not all profiles extend to the bottom. We choose 70% as the 

cutoff since all profile characteristics are usually contained 

within this percentage of the profile depth. 

6.  Model output analysis 

The resulting modeled output files and their corresponding de- 

meaned (perturbation) files were evaluated statistically for mean 

and standard deviation. The correlation coefficient for one feature 

versus another was calculated (as in the winter analysis section) 

and significant results plotted. Both contour plots and continuously 

shaded color plots are utilized to aid in data analysis. 
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V.  RESULTS 

A.  WINTER 

1.  Statistics 

Sample sizes for the four depths of interest (30, 50, 70 and 

100 m) decrease, as expected, with depth. The 30 and 50 m isobaths 

cover a large portion of the Yellow Sea area and therefore yield the 

most observations. The areas encompassed by the 30 and 50 m 

isobaths contributed 4527 and 3510 observations, respectively, with 

1996 and 142 observations at the 70 and 100 m isobaths. The small 

number of observations available at 100 m suggests that the 

statistics calculated at this depth may not be completely 

representative of the thermal structure there. The scatter plots 

and linear regression results for the winter season are shown in 

Figure 5.1 for the 30, 50, 70 and 100 m depths. The resulting 

equation is provided on each plot as well as the correlation 

coefficient obtained for sea surface temperature as the independent 

variable and temperature-at-depth as the dependent variable. Table 

5.1 summarizes significant statistical results. 

The regression equations calculated are similar; all slope 

coefficients are greater than 0.95 and the intercepts are between 

0.67 and 0.96°C. The slope and intercept calculated at 100 m are 

more similar to the 30 m calculations than those at 50 and 70 m. 

However, the small sample size at 100 m may, as previously 

mentioned, bias these results. This was evidenced by the intercept 

error at 100 m which is much larger than at the other depths. A 

larger sample population would most likely stabilize the statistical 
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results at this depth. The slope and intercept at 50 and 70 m are 

very similar to those at 30 m, indicating uniformity in the data 

from the surface to at least the 70 m isobath. Standard error for 

both the slopes and intercepts at the 30, 50 and 70 m depths 

indicates a good fit for those equations. The confidence limits for 

the individual equations are provided in Table 5.1 and display low 

standard error for all of the depths analyzed. 

Analysis of the variances for each depth are also provided and, 

as was expected, show the best results at the 30 m depth and 

progressively greater error as depth increases. The water closest 

to the maximum agitation (surface wind forcing) will generally 

exhibit the best mixing and the best statistical correlation to the 

surface temperature values. The exception is at 100 m, where lack- 

of-fit and pure error results are surprisingly good. We attribute 

this to the small sample size and do not put high confidence in 

these results. As supporting evidence, we provide the 0.95 

confidence limits for the slope and intercept values at 100 m which 

show greater variance from the mean values than do the other depths. 

Correlation coefficient calculations show uniformly good results 

with values of 0.9716, 0.9630, 0.9559 and 0.9544 for the 30, 50, 

70 and 100 m depth. 

2.  Strong mixing, one-layer structure 

As solar insolation begins to decrease in October and winds 

begin to increase, the mixed-layer deepens as the surface becomes 

less thermally stable and the entrainment rate increases. The first 

significant cold air outbreak occurs in October (the beginning of 

the winter monsoon setup) bringing air temperatures which are lower 

than the sea surface temperature below. Overturning then occurs as 
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the thermal stability breaks down. The winter months exhibit 

progressively stronger surface wind forcing and lower solar 

insolation values leading to thoroughly mixed conditions from the 

surface to the bottom. As colder air flows over the Yellow Sea, 

extensive heat loss from the surface serves to further enhance 

entrainment. This process continues until the water column is 

nearly isothermal by December and persists until May. This 

chronology seems to be supported by the high correlation 

coefficients between the surface temperature and temperature at 

depth. Higher correlations at the surface and decreasing 

correlations with depth point to more complete mixing near the 

surface. The absence of pure isothermal structure in our results 

(slope of 1 and intercept of 0) may result from interannual 

variability in the data set and sampling equipment calibration 

errors. 

Considering the depth of the Yellow Sea, the entrainment 

process affects the whole water column and creates the near- 

homogeneous profile observed in this study. Coastal regions undergo 

this modification earlier due to shallower water but the central 

Yellow Sea also becomes nearly isothermal by December. This pattern 

of decreasing temperature can be tracked by the sea surface 

temperature data which were provided in Figures 5.2 and 5.3. As air 

temperature drops, the coastal regions rapidly equilibrate, followed 

by the central Yellow Sea region. Initially, the water along the 

coast becomes more dense than the water in the central region. The 

resulting density-driven circulation causes the colder water to flow 

down the sloping basin bottom to the central Yellow Sea. Upwelling 

in the center brings warmer water to the surface and subsequently 

33 



accelerates the adjustment of the central region to nearer air 

temperature (since heat exchange occurs over an effectively- 

shallower layer of warmer water) . This circulation occurs from the 

surface down to the top of the CWYS until the temperature of the 

middle and upper layers eventually reaches the temperature of the 

CWYS. This analysis is supported by the studies of Zhao (1989) and 

Li and Yuan (1992) and is expected in the absence of some other 

significant forcing mechanism. 

Since the sample size at 100 m was so small, we do not feel 

that the data produced can be used to quantitatively describe the 

thermal structure at that depth. We do feel that the data does 

allow a qualitative analysis since it so clearly follows that of the 

shallower depths. Since this data set covers a relatively small 

portion of the Yellow Sea, this is not a significant deficit in the 

analysis. We believe that a more complete data set for this depth 

would yield the same results as the other depths analyzed. 

B.  SUMMER 

1.  Gradient model output 

After running the Feature Model for the summer months the 

output data set (5 depths and six gradients) was gridded and 

horizontally interpolated. We have displayed the resulting fields 

in two forms: continuously shaded color plots and contour plots. 

The data represent the total (mean + perturbation) fields for their 

respective variables. We have included MLD, thermocline gradient and 

thermocline differential temperature in Figures 5.4 through 5.9. 

The transition months of May and November are included for reference 

but have been heavily filtered by the model. These plots, 

therefore,  are not necessarily representative of the typical May 
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or November structure but represent typical transition month 

profiles which fall under the layered structure type. Scatter plots 

of SST versus MLD and thermocline depth are shown in Figures 5.10 

and 5.11. To facilitate perturbation analysis, the SST anomaly 

data were plotted versus the MLD, thermocline gradient and 

thermocline differential temperature anomalies. These scatter plots 

are shown in Figure 5.12. 

It should be noted that, due to the interpolation process and 

data sparsity in both coastal regions and the western Yellow Sea, 

the plotted results are subject to error. However, no major 

misrepresentations were discovered. 

2.  Statistics 

After statistical evaluation of the total fields we determined 

that the data do not indicate any statistical link between the 

fields but did point out a significant data anomaly. Correlation 

coefficients are all below 0.2. The horizontal banding seen in the 

Figure 5.10 plots is not a functional grouping of the data but 

sampling error caused by operators "keying" on typical depth 

increments. When high-resolut ion data is utilized (filtered for at 

least 8 sampling depths), these patterns disappear. 

Evaluation of the anomaly data did provide some statistically 

significant results. Figure 5.12 shows the scatter plots of the SST 

anomaly field versus the other anomalies and the corresponding 

regression equations and correlation coefficients. The sea surface 

temperature anomaly versus mixed-layer depth anomaly exhibits the 

least correlated results with a correlation of only 0.47. The 0.95 

confidence level limits are the highest indicating the most 

variation (highest standard error) from the regression calculated. 
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We do not feel the mixed-layer depth anomaly provides any 

significant information. Correlation of the sea surface temperature 

anomaly versus thermocline gradient anomaly is much better with a 

value of 0.82. The 0.95 confidence values for the slope and 

intercept are very close to the best fit and indicate a good 

statistical relationship between the two anomalies. Correlation of 

the SST anomaly versus the thermocline temperature difference 

anomaly is about 0.68 but the 0.95 confidence level slope and 

intercept margins are still quite good. The statistical results for 

these three comparisons are summarized in Table 5.2. 

3.  Weak mixing, multi-layered structure 

a.  Mixed-layer 

By late winter the water throughout the Yellow Sea is very- 

near ly isothermal. During the onset of the summer monsoon, an 

increase in solar insolation and weakening winds begin the 

stratification process in the Yellow Sea. We do not expect to see 

the formation of a significant mixed layer until either wind speeds 

pick up considerably or solar insolation is reduced. This is 

supported by our data and can be seen from the progression of the 

SST and MLD plots (Figures 5.2 and 5.4). Sea surface temperature 

is uniformly cold up through April with notable warming occurring 

in May which would suggest an increase in thermal stability due to 

stratification. There is very little impact upon MLD since wind 

forcing is nearing its minimum for the year. Therefore, entrainment 

is not sufficient enough to overcome the stratification due to 

insolation and the surface continues to warm. The plots of MLD 

(Figure 5.4) show that, indeed, there is no significant 

deepening until  September.  The maximum MLD occurs during the 
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transition month of November when solar insolation has decreased 

markedly and winds have picked up. 

b. Thermocline  temperature difference 

This sequence should also be supported by the magnitude of 

the thermocline temperature difference. Figure 5.8 shows that the 

thermocline temperature difference increases from a minimum in May 

to a maximum in both magnitude and extent in July and August. While 

the magnitude continues to be large in September, the extent is 

reduced due to cooling of the surface waters as winter approaches 

and an increase in entrainment due to increased wind speeds. Or, 

as the entrainment process becomes more vigorous, the surface 

temperature is reduced and the resulting mixed-layer temperature is 

closer to the temperature at the base of the thermocline. The 

largest magnitudes are centered over the central Yellow Sea which 

supports the presence of the CWYS discussed in Chapter II. 

c. Thermocline gradient 

Analysis of the thermocline gradient data indicates 

predictable progression of the magnitudes and extent (Figure 5.6). 

In early summer (June) we expect to see little or no gradient since 

the Yellow Sea is still well mixed. By June, as surface heating 

begins to create stratification in the water column, we expect to 

see some evidence of a gradient being established. Figure 5.6 

supports this analysis with negative gradients of up to -1.0° C/m 

located throughout the central Yellow Sea region. No gradients were 

expected along the coastal regions but interpolation errors in the 

plotting process do indicate some gradient features. None were 

expected since the coastal region is well mixed all year due to wave 

and tidal action. It is difficult, however, to delineate the areas 
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where the stratification does begin since data tends to be very- 

sparse in the nearshore areas. A more complete data set would allow 

nearshore analysis and would preclude the interpolation errors we 

observed. The thermocline gradient is directly tied to both the 

temperature difference across the thermocline and the thickness of 

the thermocline. This is important since observations in some areas 

exhibit large temperature differences but thick thermoclines yield 

relatively small gradients. Fortunately, the majority of the 

observations are distributed over the central region where the 

variability of temperature difference and thickness is not large. 

The Bohai Sea area displays the most variability but very few 

profiles were available in this region. This indicates that the 

very nearshore or very shallow regions will continue to present a 

challenge to our analysis methods. 

d.  Prominence of the thermocline 

July is a month of strong surface heating as witnessed by 

the sharp increase in SST shown in Figure 5.2. As a result, the 

prominence of the thermocline should be evident, and is supported 

by our data. With the presence of the CWYS in the central region 

a negative gradient in thermocline temperature should be apparent 

and appears in the central region of Figure 5.6. The presence of 

this centrally manifested gradient is more obvious in August (Figure 

5.6) and shows the increasing gradient as summer progresses. 

September shows a strong gradient oriented north-south in the 

central region which suggests the deeper, colder trough water 

serves to maintain the temperature difference even into late summer. 

As solar insolation decreases in October and wind speeds begin to 

pick up, entrainment begins to break down the gradient between the 
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mixed-layer temperature and the deep layer. This is borne out in 

the October plot (Figure 5.6) where the north-south orientation is 

still present but the magnitude of the gradient has decreased 

significantly. 

4.  Anomaly analysis 

a. law correlation between SST and MLD anomalies 

The poor correlation of SST anomaly to mixed-layer depth 

anomaly was not unexpected due to the factors influencing this 

relationship. While a positive SST anomaly (higher than normal SST) 

would seem to indicate a shallower mixed layer depth (or negative 

mixed-layer depth anomaly), the contemporary surface wind forcing 

data would also have to be considered.  All other factors being 

equal, a positive SST anomaly would lead to a shallower mixed-layer 

depth.  But if the higher SST was accompanied by an increased 

surface wind speed due to a passing tropical storm or other episodic 

event, the mixed-layer depth may increase. Figure 5.12a indicates 

a broad spread of data points and, based upon the meteorological 

climatology,  we submit that this is typically the case.  Though 

surface wind speeds are relatively weak in the summer,  tropical 

storms,  occasional typhoons and the movement of the Polar Front 

back to the south promote variable wind speeds and surface 

temperature (particularly late in the summer) .  A multi-variable 

analysis would probably be required to adequately resolve any 

correlation between the SST anomaly and the mixed-layer anomaly. 

Jb.  High correlation Jbetween SST and thermocline gradient 
anomalies 

With the occurrence of a positive SST anomaly,   the 

temperature at the top of the thermocline is expected to increase 

somewhat barring large changes in the surface wind forcing. 
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However, there is always a lag in the response time of the water 

column to SST changes. The less than one-to-one slope of the 

regression fit in Figure 5.12b perhaps indicates this delay. 

Variability (standard error) around the regression fit would seem 

to indicate surface wind forcing variability (or a surface wind 

anomaly) . If there is significant wind forcing corresponding to a 

positive SST anomaly, the water column will undergo both a positive 

heat flux and an increase in entrainment. Since the thickness of 

the mixed-layer would increase in this scenario, the thickness of 

the thermocline for a given observation point would decrease. If 

the resulting mixed-layer temperature remained near the original, 

pre-perturbation value, a net thermocline gradient increase would 

be observed. Thus a positive SST anomaly in this case would 

produce a positive thermocline gradient anomaly. A variety of 

combinations could be discussed in which the SST anomaly could 

result in positive or negative thermocline gradient anomalies. 

Another factor to consider is the deep layer stability. 

Because of the nearly constant temperature of the CWYS mass in the 

central Yellow Sea, it acts as an anchor and is relatively immune 

to any SST or mixed-layer temperature changes. With an increase in 

the water temperature above, an increase in the gradient of the 

thermocline would result. A decrease in the water temperature above 

would result in a decrease of the thermocline gradient. This 

appears to be the most important consideration since our data points 

to a direct relationship between SST anomaly and thermocline 

gradient anomaly. Figure 5.13 depicts this relationship. Again, 

the variability of data from the regression fit would indicate 

variability in surface wind forcing conditions. 
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c.  Correlation Jbetween SST and  thexmocline  temperature 
difference anomalies 

More variability is evident in the results of the SST 

anomaly versus thermocline temperature difference anomaly. While 

the temperature at the base of the thermocline is held relatively 

constant, the base of the mixed-layer, of course, is not. As solar 

insolation increases during cloud-free days or a warm front passes 

through the region, the SST increases. Given a constant wind speed, 

the resulting mixed-layer will be warmer and will shoal following 

the principles of Turner and Kraus (1967) . Given enough information, 

it would be straightforward to calculate this change following a 

prognostic model such as that formulated by Chu and Garwood (1991) . 

However, with substantial changes in wind speed the resulting change 

in mixed-layer temperature would depend upon the resulting 

entrainment rate and could become either warmer or cooler. With the 

generally weak surface wind stress in the summer we suggest that, 

despite much variability, the anomalies in thermocline temperature 

difference typically follow the SST anomalies.  There is better 

correlation here than with the SST anomaly versus MLD anomaly 

because any change in mixed-layer temperature results in a change 

in thermocline temperature difference. This relationship does not 

hold true in all cases for the SST versus MLD anomaly comparison 

since entrainment rate is forced not only by temperature change, 

but by wind stress change. A correlation of 0.69 is not 

overwhelming, however, and the same factors which influenced 

variability in the SST anomaly versus mixed-layer depth anomaly are 

present here. The difference in this case is that the temperature 

at the top of the thermocline is governed by mixed-layer 
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tenperature. The mixed-layer temperature cannot increase without 

SST increase, thus providing a direct link. We believe that 

further analysis over a smaller area would show a better correlation 

of the data. In particular, the central Yellow Sea region with the 

CWYS below and deeper water should exhibit good correlation since 

short term fluctuations in temperature are less likely to cause 

rapid changes in deeper water and cannot overcome the stability of 

the CWYS water. 

C.  SUMMARY OF RESULTS 

The winter season analysis was very straightforward and 

produced very good statistical results. However, there were some 

deviations from the "ideal results" which should be noted. For the 

strong mixing, one-layer conditions which exist throughout the 

winter months, we expected very nearly isothermal profiles to 

prevail. The statistics show slight variation from a one-to-one 

slope and an even spread of data for the 0.95 confidence intervals. 

These results suggest that combining all winter months into the 

"winter season" has introduced interannual variability into what 

might be much better results. From one year to the next there may 

be subtle variations in the rate of overturning, solar insolation 

and wind forcing. Teleconnection from episodic, distant forcing 

mechanisms and years of high precipitation and storm frequency may 

all lend lack of coherency to this composite grouping of data. 

If the data were sufficient in size, spatial regularity and 

temporal resolution, a time series analysis of individual months 

and years would, we believe, show true isothermal structure. We 

binned one particularly well-sampled year (1969) for the months of 

January,  February and March in a fairly small area (1 degree 
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square) in the central Yellow Sea. When the data were analyzed 

using the same winter season methods previously applied, the 

results were indeed better. The correlation for each month was 0.97 

or better and slopes were 0.975 or better. When this same area was 

binned to exclude all but high resolution profiles (at least 8 

sample points in the profile), the results were better still. While 

the relatively small number of profiles in the area could lend some 

lack of credibility to these results, we believe the tendency of 

the results is important. Clearly the higher resolution data 

produces statistical results which depict the thermal structure 

which should exist based upon physical principles. Quality data is 

very important to the successful implementation of our modeling 

techniques and any other analytic approach. 

The summer results were a combination of good and bad results. 

While there are obviously many possible combinations of wind stress 

and surface heating magnitudes during the summer, we expected 

better correlation of SST anomaly to mixed-layer depth anomaly. 

Failure to achieve these results may stem from several factors. One 

which we believe is key is, again, poor data quality. The banding 

patterns in the scatter plots of SST versus mixed-layer depth are 

caused by operator errors in data collection and analysis. The fact 

that these patterns disappear when using only CTD data are used 

indicates serious flaws in the interpretation of XBT data. Many 

observations were taken prior to CTD and even XBT technology. While 

their results may be no less accurate, they are certainly less 

highly resolved in the vertical. Perhaps with the higher resolution 

of CTD data we would have observed some relationship of SST anomaly 

to mixed-layer depth anomaly. To test this hypothesis we again 
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binned a relatively well sampled area (central Yellow Sea, 

September, 1972) for high resolution profiles (8 or more points), 

ran the Feature Model and analyzed the model output. Correlation 

of SST anomaly to mixed-layer depth anomaly increased from below 0.5 

in our previous results to 0.74. We must emphasize that the small 

sample size was not statistically robust but the tendency for all 

comparisons to improve is significant. Today, NCAA vessels utilize 

an automated XBT recording and analysis system which may eliminate 

some of the sampling errors observed in our XBT data. We submit 

that this may be a worthwhile consideration for military vessels in 

the future. 

The ability of the Feature Model to extract physical feature 

characteristics from observations is very good. In tests of the 

model against standards we consistently observed very good agreement 

between the model and actual data. The model does have a tendency 

to indicate shallower mixed-layer depths than actually exist but the 

errors were minor in most observed instances. The RMS error 

calculation and iteration process removed 5 percent of the profiles 

from the summer data set. Considering that most of the removed 

profiles were in very shallow (less than 30 m) water, we feel these 

results are acceptable. Review of rejected profiles consistently 

shows good "skill" by the model and gives us confidence in its 

ability to detect major profile features. 
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Figure 5.1. Winter regression analysis and correlation coefficients 
for SST versus temperature at 30, 50, 70 and 100 m. December through 
April are the "winter" months. In the regression equation, Td is the 
temperature at depth and SST is the sea surface temperature   (°C). 

45 



Data Set Slope Intercept Standard 
Error for 
Slope and 
Intercept 

Upper and 
Lower 0.95 
Confidence 
Limits 

Number 
of 
Data 
Points 

30 m 0.95075 0.63225 0.00344 

0.03153 

0.95750 
0.94401 
0.73344 
0.69981 

4527 

50 m 0.93191 0.95857 0.00433 

0.04107 

0.94042 
0.92340 
0.94897 
0.78794 

3610 

70 m 0.92778 0.86846 0.00638 

0.06659 

0.94030 
0.91526 
1.08910 
0.82802 

1996 

100 m 0.97346 0.67163 0.02573 

0.35129 

1.02390 
0.92300 
1.32090 
-0.05641 

142 

Table 5.1. A summary of the statistical data obtained during regression 
analyses for the winter months (December through April) in the Yellow Sea. 
Analyses performed at 30, 50, 70 and 100 m. A linear equation was 
produced and the slope and intercept values are listed. Additionally, the 
standard error and 95% upper and lower confidence level limits are 
provided. Intercept units are degrees centigrade (°C). 
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Figure 5.2a. Continuously shaded plots of sea surface temperature 
(SST) for the Yellow Sea for January, February, March and April. 
Data were obtained from the MOODS observational data base for the 
years 1929 to 1991.  Temperatures are in °C. 
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Figure 5. 2b. Continuously shaded plots of sea surface temperature 
(SST) for the Yellow Sea for May, June, July and August. Data were 
obtained from the MOODS observational data base for the years 1929 
to 1991. Temperatures are in °C. 
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Figure 5.2c. Continuously shaded plots of sea surface temperature 
(SST) for the Yellow Sea for September, October, November and 
December. Data were obtained from the MOODS observational data base 
for the years 1929 to 1991. Temperatures are in °C. 
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Figure 5.3a.  Contour plots of SST in the Yellow Sea for January, 
February, March and April. Data were gridded and interpolated from 
the MOODS observational data set for the years 1929 to 1991. 
Temperatures in °C. 
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Figure 5.3b. Contour plots of SST in the Yellow Sea for May, June, 
July and August. Data were gridded and interpolated from the MOODS 
observational data set for the years 1929 to 1991. Temperatures in 
°C. 
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Figure 5.3c. Contour plots of SST in the Yellow Sea for September, 
October, November and December. Data were gridded and interpolated 
from the MOODS observational data set for the years 1929 to 1991. 
Temperatures in °C. 
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Figure 5.4a. Continuously shaded plots of mixed-layer depth (MLD) 
in the Yellow Sea for May (a transition month), June, July and 
August  (summer months). Data were gridded and horizontally 
interpolated from the MOODS observational data base for the years 
1929 to 1991. Depths are in meters (m). 
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Figure 5.4b. Continuously shaded plots of mixed-layer depth (MLD) 
in the Yellow Sea for September, October (summer months) and 
November (a transition month) . Data were gridded and horizontally 
interpolated from the MOODS observational data base for the years 
1929 to 1991. Depths are in meters (m) . 
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Figure 5.5a. Contour plots of mixed-layer depth (MLD) in the Yellow 
Sea for May (a transition month), June, July and August (summer 
months). Data were gridded and horizontally interpolated from the 
MOODS observational data base for the years 1929 to 1991. Depths 
are in meters (m) . 
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Figure 5.5b. Contour plots of mixed-layer depth (MLD) in the Yellow 
Sea for September, October (summer months) and November (a 
transition month) . Data were gridded and horizontally interpolated 
from the MOODS observational data base for the years 1929 to 1991. 
Depths are in meters (m) . 
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Figure 5.6a. Continuously shaded plots of the thermocline gradient 
in the Yellow Sea for May (a transition month), June, July and 
August (summer months) . Data were produced by the Feature Model, 
gridded and horizontally interpolated. Model input data was the 
MOODS observational data base for the years 1929 to 1991. Gradient 
is in degrees centigrade per meter (°C/m) . 
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Figure 5.6b. Continuously shaded plots of the thermocline gradient 
in the Yellow Sea for September, October (summer months) and 
November (a transition month) . Data were produced by the Feature 
Model, gridded and horizontally interpolated. Model input data was 
the MOODS observational data base for the years 1929 to 1991. 
Gradient is in degrees centigrade per meter (°C/m). 
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Figure 5. 7a. Contour plots of the thermocline gradient in the Yellow 
Sea for May (a transition month), June, July and August (summer 
months) . Data were produced by the Feature Model, gridded and 
horizontally interpolated. Model input data was the MOODS 
observational data base for the years 1929 to 1991. Gradient is in 
degrees centigrade per meter (°C/m) . 
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Figure 5. 7b. Contour plots of the thermocline gradient in the Yellow 
Sea for September, October (summer months) and November (a 
transition month) . Data were produced by the Feature Model, gridded 
and horizontally interpolated. Model input data was the MOODS 
observational data base for the years 1929 to 1991. Gradient is in 
degrees centigrade per meter (°C/m). 
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Figure 5.8a. Continuously shaded plots of the thermocline 
temperature difference (TCDT) in the Yellow Sea for May (a 
transition month), June, July and August (summer months) . Data were 
produced by the Feature Model, gridded and horizontally 
interpolated. Model input data was the MOODS observational data base 
for the years 1929 to 1991. Temperature difference is in °C. 
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Figure 5.8b. Continuously shaded plots of the thermocline 
temperature difference (TCDT) in the Yellow Sea for September, 
October (summer months) and November (transition month) . Data were 
produced by the Feature Model, gridded and horizontally 
interpolated. Model input data was the MOODS observational data base 
for the years 1929 to 1991. Temperature difference is in °C. 
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Figure 5. 9a. Contour plots of the thermocline temperature difference 
(TCDT) in the Yellow Sea for May (transition month), June, July and 
August (summer months) . Data were produced by the Feature Model, 
gridded and horizontally interpolated. Model input data was the 
MOODS observational data base for the years 1929 to 1991. 
Temperature difference is in °C. 
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Figure 5. 9b. Contour plots of the thermocline temperature difference 
(TCDT) in the Yellow Sea for September, October (summer months) and 
November (a transition month). Data were produced by the Feature 
Model, gridded and horizontally interpolated. Model input data was 
the MOODS observational data base for the years 1929 to 1991. 
Temperature difference is in °C. 
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Figure 5.10a. Scatter plots of sea surface temperature (SST) versus 
mixed-layer depth (MLD) for May (a transition month), June, July and 
August (summer months) . Data were produced by the Feature Model 
from MOODS observational data base profiles for the years 1929 to 
1991. Depths are in meters (m) and temperatures in °C. 
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Figure 5.10b. Scatter plots of sea surface temperature (SST) versus 
mixed-layer depth (MID) for September, October (summer months), 
November (a transition month) and all summer months combined. Data 
were produced by the Feature Model from MOODS observational data 
base profiles for the years 1929 to 1991. Depths are in meters (m) 
and temperatures in °C. 
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Figure 5.11a. Scatter plots of sea surface temperature (SST) versus 
thermocline depth for May (a transition month), June, July and 
August (summer months) . Data were produced by the Feature Model from 
MOODS observational data base profiles for the years 1929 to 1991. 
Depths are in meters (m) and temperatures in °C. 
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Figure 5.11b. Scatter plots of sea surface temperature (SST) versus 
thermocline depth for September, October (summer months), November 
(a transition month) and all summer months combined. Data were 
produced by the Feature Model from MOODS observational data base 
profiles for the years 1929 to 1991. Depths are in meters (m) and 
temperatures in °C. 
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Figure 5.12. Scatter plots for the sea surface temperature anomaly 
(SSTA) versus the mixed-layer depth, thermocline gradient and 
thermocline temperature difference anomalies (MLDA,TCGA and TCDA) . 
Data output from the Feature Model with input from the MOODS 
observational data base (1929 to 1991). Included are regression 
slopes, intercepts and correlation data. All summer months combined. 
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Data Set Slope Intercept Standard 
Error for 
Slope and 
Intercept 

Upper and 
Lower 0.95 
Confidence 
Limits 

Number 
of 
Data 
Points 

SSTA vs 
MLDA 

0.46553 0.15448 0.01192 

0.08265 

0.48889 
0.44217 
0.31651 
-0.00755 

5350 

SSTA vs 
TOGA 

0.08340 -0.00520 0.00773 

0.00313 

0.08480 
0.08210 
0.00010 
-0.00480 

5350 

SSTA vs 
TCDA 

0.67888 -0.08318 0.00984 

0.03925 

0.69817 
0.65959 
-0.00623 
-0.16013 

5350 

Table 5.2. A summary of the statistical data obtained during regression 
analyses for the sea surface temperature anomaly (SSTA) versus the mixed- 
layer depth anomaly (MLDA) , the thermocline gradient anomaly (TOGA.) and 
the thermocline temperature difference anomaly (TCDA) . A linear equation 
was produced and the slope and intercept values listed. Additionally, the 
standard error and 95% upper and lower confidence values are provided. 
The intercept units are meters (m), degrees centigrade per meter (°C/m) 
and degrees centigrade (°C) respectively. 
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Figure 5.13. A depiction of the "anchoring" effect of the CWYS 
during the summer months in the Yellow Sea. As sea surface 
temperature (SST) increases, the base of the thermocline remains 
nearly constant, causing an increase in the thermocline gradient. 
As SST decreases, the difference in temperature between the SST and 
the deep layer decreases, reducing the thermocline gradient. 
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VI.  CONCLUSION 

The goal of our study was to construct a three-dimensional 

thermal structure of the Yellow Sea based primarily upon sea surface 

temperature. Ideally, we would be able to apply this technique to 

many areas using remotely sensed sea surface temperature rather than 

in-situ measurements. We applied a modeling approach to achieve our 

goal with a different model type applied to each of two profile 

types dominant in the Yellow Sea. These profile types were season- 

specific and due to entirely different forcing mechanisms. 

Our data set was composed of approximately 15,000 observed 

profiles from the MOODS worldwide observational data base. The 

observations spanned the years 1929 to 1991 and were sourced from 

all common instrument types. Due to a sparsity of data for 

individual years, monthly bins were constructed using all years. 

The winter season, with cold air temperatures and stronger 

winds, displayed nearly isothermal vertical structure as a result 

of strong mixing. The resulting one-layer, well-mixed vertical 

profiles were depicted by regression analysis between sea surface 

temperature and subsurface temperature. We achieved very good 

results with slopes of the regressions greater than 0.92 for SST 

versus the temperature at 30, 50, 70 and 100 m. Correlation 

coefficients were all greater than 0.95, indicating good coherence. 

The lack of a true isothermal relationship in our results is owed 

to interannual variability introduced by the monthly binning 

process, calibration errors of sampling equipment and analyst errors. 
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The summer season is characterized by strong surface heating, 

weaker winds and a resulting multi-layered vertical structure. This 

layered structure consists of the mixed-layer, thermocline and deep 

layer.   In order to extract depth and temperature gradient 

information about these features,  a physically-based "Feature 

Model" was employed. This approach involved the fitting of a "first 

guess" characteristic file to a vertically interpolated, high- 

resolution "gradient space" transformation of each observed prof ile. 

The fitted "first guess" file thus produced a modeled profile from 

which characteristics could be extracted in the form of inflection 

point depths and layer gradients.  To ensure quality data,  RMS 

error calculations were performed on each characteristic and 

gradient, compared to a standard, and either accepted or rejected. 

The resulting accepted data were analyzed both in total quantity 

form  (mean plus perturbation)  and as perturbations alone. 

Ultimately we used the perturbation data as a base for our analyses. 

We performed statistical analysis on three perturbation 

characteristic pairs: SST anomaly versus mixed-layer depth anomaly, 

SST anomaly versus thermocline gradient anomaly and SST anomaly 

versus thermocline temperature difference anomaly. The mixed-layer 

depth anomaly analysis produced mediocre results with correlation 

values of less than 0.5. The slope and intercept of the regression 

analysis were also poor. The thermocline gradient anomaly 

comparison was much better with a correlation of 0.82 and a 

regression slope of 0.82. Comparison of the thermocline temperature 

difference anomaly was also mediocre with a correlation of 0.69 and 

regression slope of 0.68. 
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We attributed our mixed results to a few key factors. The data 

set quality was questionable, as witnessed by sampling errors we 

discovered. These errors were present only in lower resolution 

observations. When CTD data were used exclusively, these errors 

vanished. The introduction of interannual variability into our data 

set by compositing all years together may have negatively affected 

our results. Finally, interpolation techniques used to produce a 

gridded Yellow Sea data set may have introduced errors in data- 

sparse regions. 

These problems were a result of data quality issues and not the 

analysis techniques we applied. We feel that our modeling approach 

was robust and flexible and could applied to many regions with good 

results, provided a good data source is available. Our results 

indicate that data quality is critical to the successful employment 

of these techniques and should be the prime consideration in future 

applications. 
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