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Abstract
The applicability of TEOS-10 to marginal and enclosed seas with chemically non-standard waters has not been
extensively evaluated. In this study, available experimental density data for Caspian Sea water were used to develop
a refined regional density–salinity–temperature formulation. Because direct density measurements were unavailable for
the present samples, their densities were calculated using the refined formulation. These density estimates, together
with new conductivity-based salinity observations from the southern Caspian Sea, were used to invert the TEOS-10
equation of state and estimate Absolute Salinity (SA), Reference Salinity (SR), and Salinity Anomaly (𝛿SA). The
resulting SA values ranged from 14.70 to 15.24 g kg−1, whereas SR derived from Practical Salinity (SP) was lower,
yielding positive 𝛿SA values of 2.35–2.93 g kg−1. The anomaly was effectively invariant over 5–20°C but varied
among stations, indicating that conductivity-derived SP alone does not fully represent the density-equivalent salinity of
southern Caspian Sea water. The positive anomalies are consistent with the non-oceanic ionic composition of the
Caspian Sea, although their magnitude may partly reflect uncertainty in the regional density formulation, particularly
its extrapolation beyond the salinity range of the historical density dataset. These results show that TEOS-10 can be
used to identify composition-related differences between enclosed-basin waters and Reference Composition seawater.
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1. Introduction1

The thermodynamic description of naturalwaters depends2

on the relationship between salinity, temperature and den-3

sity. Since the adoption of the Practical Salinity Scale 19784

(PSS-78) and the International Equation of State of Seawa-5

ter 1980 (EOS-80), Practical Salinity (SP) has been widely6

used as an operational salinity variable derived from con-7

ductivity measurements (UNESCO, 1981; UNESCO, ICES8

and IAPSO, 1981). This approach is robust for waters close9

to the composition of standard seawater, but it does not10

explicitly account for regional variations in dissolved con-11

stituents. As a result, conductivity-based salinitymay be in-12

sufficient for evaluating density and thermodynamic prop-13

erties in chemically non-standard basins, particularly in14

enclosed or marginal water bodies.15

TEOS-10 introduced Absolute Salinity (SA) as the salin-16

ity variable required for thermodynamic calculations, to-17

©2026 The Author(s). This is the Open Access article distributed

under the terms of the Creative Commons Attribution Licence.

gether with Reference Salinity (SR) and Salinity Anomaly 18

(𝛿SA) as a way to quantify departures from Reference Com- 19

position seawater (IOC, SCOR and IAPSO, 2010; McDougall 20

and Barker, 2011). In the open ocean, the difference be- 21

tween SA and SR is commonly small. In marginal or en- 22

closed seas, however, compositional anomalies canbe large 23

enough to affect density, stratification estimates and other 24

derived thermodynamic properties (Feistel et al., 2010a; 25

Pawlowicz, 2010). 26

Although TEOS-10 has become the international stan- 27

dard for describing the thermodynamic properties of sea- 28

water, its application to waters with non-standard chemi- 29

cal composition remains an active area of research. Early 30

studies in the Baltic Sea demonstrated that deviations 31

from Reference Composition seawater produce measur- 32

able changes in density and other thermodynamic prop- 33

erties, making composition-dependent corrections nec- 34

essary for accurate TEOS-10 applications (Feistel et al., 35

2010a). Subsequent laboratory and field investigations 36

showed that these compositional effects can be quantified 37
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fromdirect densitymeasurements, allowing empirical rela-38

tionships between Practical Salinity and Absolute Salinity39

to be established for regionally distinct waters such as40

the Baltic Sea (Feistel et al., 2010b). The applicability of41

TEOS-10 was later extended to inland and chemically non-42

standard waters by introducing composition-dependent43

salinity definitions appropriate for natural aquatic sys-44

tems (Pawlowicz and Feistel, 2012). Subsequent investiga-45

tions also highlighted potential uncertainties associated46

with density-based thermodynamic calculations (Budéus,47

2018) and demonstrated that salinity–density anomalies48

are not restricted to enclosed basins but may also occur in49

open-ocean environments (Weinreben and Feistel, 2019).50

More recently, studies in the Chinese shelf and semi-en-51

closed seas showed that regional geochemical processes52

and terrestrial inputs can significantly modify Absolute53

Salinity and its anomaly, emphasizing that the applicability54

of TEOS-10 should be evaluated on a basin-specific basis55

rather than assumed from standard seawater relationships56

(Ji et al., 2021, 2024). Despite the distinctive hydrochemi-57

cal characteristics of the Caspian Sea, no study has yet sys-58

tematically evaluated density-equivalent Absolute Salinity59

and Salinity Anomaly within the TEOS-10 framework for60

this basin.61

The Caspian Sea is an important example of such a sys-62

tem. Although it is often discussed in oceanographic terms63

because of its size and stratified water column, it is an64

enclosed basin with a chemical composition that differs65

markedly from standard seawater. Previous work has66

shown that Caspian Sea water contains relatively high con-67

tributions from divalent ions such as Ca2+, Mg2+ and SO 2−
4 ,68

and that its density differs from that expected for diluted69

oceanic seawater at comparable SP (Millero and Chetirkin,70

1980; Millero et al., 2008; Tuzhilkin et al., 2005). These71

characteristics make the Caspian Sea a useful natural case72

for testing how TEOS-10 concepts perform outside the73

open-ocean Reference Composition.74

A practical obstacle is that high-quality density and75

composition data for the Caspian Sea remain limited.76

Millero et al. (2008) provided an empirical equation of77

state basedon laboratorydensitymeasurements of Caspian78

Seawater, but its residual behaviorhasnot been reassessed79

for the specific purpose of TEOS-10 density inversion. This80

issue is important because any systematic density bias81

propagates directly into the derived SA and hence into the82

estimated 𝛿SA.83

The aimof the present study is therefore to reassess the84

available Caspian Sea density formulation and to use the85

refined relationship to estimate SA, SR and 𝛿SA for southern86

Caspian Sea samples. The emphasis is not on a simple con-87

version from SP to SA but on evaluating whether the result-88

ing salinity anomaly provides physically meaningful infor-89

mation about the non-standard composition of Caspian Sea90

water. By combining new conductivity-based observations91

with a reassessed experimental density dataset, this study92

provides a regional TEOS-10-based evaluation of density- 93

equivalent salinity behavior in the southern Caspian Sea. 94

2. Methods 95

2.1 Water sampling 96

Water samples were collected on August 20, 2017, from 97

both the surface and a depth of 10 m at four different sites 98

located approximately 5 km off the southern coast of the 99

Caspian Sea, as listed inTable 1, using a1LHydro-Bios plas- 100

tic water sampler. Samples were filtered through 0.45 𝜇m 101

sterile syringe filters (FilterBio®), transferred into sealed 102

50 mL plastic Falcon tubes, and transported on ice to the 103

laboratory for further analysis. The locations of the sam- 104

pling sites are shown in Figure 1. 105

Table 1. Geographic coordinates of the sampling sites in

the southern Caspian Sea.

Sample Assigned number Latitude (𝜙) Longitude (𝜆)

Amirabad 1 36°52′50′′N 53°17′21′′E

Babolsar 2 36°45′12′′N 52°40′01′′E

Nowshahr 3 36°40′28′′N 51°32′23′′E

Ramsar 4 36°57′21′′N 50°42′23′′E

2.2 Measurement of electrical conductivity 106

The electrical conductivity of the filtered sampleswasmea- 107

sured at 15°C using an AZ Instrument model 86505 bench- 108

top multimeter (Taiwan). The conductivity accuracy is 109

±1% of full scale ±1 digit, with a resolution of 0.05% of 110

full scale, while the temperature accuracy is±0.5°C with 111

a resolution of 0.1°C. The measured conductivity values 112

were converted to Practical Salinity (SP) following PSS-78 113

(UNESCO, 1981; UNESCO, ICES and IAPSO, 1981), using 114

the notation adopted in TEOS-10. Density values required 115

for the TEOS-10 inversion were not measured directly for 116

the present samples; instead, they were calculated using 117

the reassessed Caspian Sea-specific density formulation 118

based on the published experimental density dataset of 119

Millero et al. (2008). 120

2.3 Reassessment of the Caspian Sea equation of state 121

Millero et al. (2008) provided an empirical density for- 122

mulation for Caspian Sea water as a function of SP and 123

temperature (Eqs. (1)–(5)). 124

(𝜌−𝜌0) kg/m
3
= A+BS𝑃+CS2𝑃 (1)

𝜌0 =999.83952+16.952577(T−273.15)−

7.9905127E−03(T−273.15)2−

4.6241757E−05(T−273.15)3+

1.0584601E−07(𝑇−273.15)4−

(2.8103006E−10(T−273.15)5)÷

[1+0.016887236(𝑇−273.15)]

(2)
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Figure 1. Geographic map showing the sampling locations along the southern coast of the Caspian Sea.

A=0.0350−1.73E−03(T−

273.15)+5.2E−05(T−273.15)2−

4.947E−07(T−273.15)3
(3)

B=0.9877−3.66E−03(T−

273.15)+4.903E−05(T−273.15)2−

2.276E−07(T−273.15)3
(4)

C=−1.25E−04 (5)

These equations incorporate coefficients A, B and C to125

represent the dependence of density on SP and temper-126

ature. In the present study, the published experimental127

density data of Millero et al. (2008) were re-examined be-128

fore being used as the basis for TEOS-10 density inversion.129

The densities calculated using the published formu-130

lation were compared with the published experimental131

density values reported by Millero et al. (2008) to assess132

whether systematic differences were present before the133

data were used for SA estimation.134

For the derivation of the refined formulation, data from135

samples 3–9 and measurements at temperatures up to ap-136

proximately 40°C were retained. Samples 1 and 2 were137

excluded because they showed the largest deviations from138

the behavior of the remaining dataset, while measure-139

ments above approximately 40°C were excluded to limit140

potential compositional changes associated with elevated-141

temperature conditions. The retained data were fitted in142

MATLAB using a polynomial relationship between density, 143

SP, and temperature. Density was expressed in kg m−3, 144

temperature in °C, and SP was treated as dimensionless. 145

The retained dataset covers SP values of approximately 146

7.81–11.38 and temperatures of approximately 5–40°C. 147

Fit performance was assessed from the residuals between 148

fitted and published experimental densities. Because the 149

same dataset was used for fitting and residual assessment, 150

this represents an in-sample goodness-of-fit assessment 151

rather than independent validation. The resulting refined 152

polynomial is presented in Section 3.2 as Eq. (8). 153

The present samples have SP values of 11.88–12.81, 154

above the upper SP limit of the fitted dataset. Application of 155

the refined formulation to these samples therefore involves 156

extrapolation with respect to SP, whereas the investigated 157

temperature range of 5–20°C remains within the fitted 158

temperature range. Because direct density measurements 159

are not available for the present samples in this higher SP 160

range, the additional uncertainty associated specifically 161

with this extrapolation cannot be independently quanti- 162

fied from the fit residuals alone. The refined formulation 163

is therefore used as a practical regional density represen- 164

tation rather than as a universal equation of state for the 165

entire Caspian Sea. 166

2.4 Absolute Salinity and Salinity Anomaly calcula- 167

tions 168

SA was calculated from the refined density values using 169

the TEOS-10 function gsw_SA_from_rho_t_exact (IOC, SCOR 170

and IAPSO, 2010; McDougall and Barker, 2011), with den- 171

sity, temperature and pressure as inputs. This inversion 172

gives the SA that a Reference Composition seawater sample 173
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would require to reproduce the same density at the speci-174

fied temperature andpressure. In this study, SA is therefore175

interpreted as a density-equivalent thermodynamic salin-176

ity rather than as a direct chemical mass determination. SR177

was calculated from SP using the TEOS-10 scaling relation:178

SR = SP×
35.16504

35
(6)

Salinity Anomaly was then computed as:179

𝛿SA = SA−SR (7)

For each sample, SA was evaluated over 5–20°C to ex-180

amine its variation across the investigated temperature181

range.182

3. Results183

3.1 Practical Salinity of southern Caspian Sea samples184

The electrical conductivity measurements and resulting185

SP values are summarized in Table 2. The SP values of186

the southern Caspian Sea samples range from 11.88 to187

12.81. The small differences between the surface and 10m188

samples indicate limited upper-water-column variability189

at the time and locations sampled.190

Table 2. EC and SP of southern Caspian Seawater samples.

Sample Depth EC at 15°C SP
(m) (mS/cm)

Amirabad (A-1) 1 16.22 12.01

Amirabad (A-10) 10 16.06 11.88

Babolsar (B-1) 1 16.39 12.14

Babolsar (B-10) 10 16.52 12.24

Noshahr (N-1 1 16.33 12.01

Noshahr (N-10) 10 16.56 12.81

Ramsar (R-1) 1 16.39 12.14

Ramsar (R-10) 10 16.52 12.25

3.2 Density residuals and refined density representa-191

tion192

The comparison between the measured densities reported193

by Millero et al. (2008) and the densities calculated from194

the available formulation is summarized in Table 3. The195

calculated-minus-measureddensity differences range from196

0.12 to 0.52 kg m−3 and remain positive throughout the197

dataset. This one-sided residual pattern indicates that the198

differences are not distributed randomly around zero. The199

refined polynomial fit (Eq. (8)) shows closer agreement200

with the reported density data, yielding a standard error201

of 0.02162, an RMS error of 0.03466, and R2 = 0.9998.202

These fit metrics show how closely Eq. (8) fits the histor-203

ical dataset used to derive it. They should therefore be204

viewed as measures of in-sample fit, not as independent205

validation or as estimates of measurement uncertainty.206

𝜌 =1002.33+(0.4926×SP)−

(0.1087× t)+(0.02471×S2P)+

(0.0285×SP×𝑡)−(0.006773×𝑡2)−

(0.001525×S2P×𝑡)−

(5.508×10−5×SP×𝑡2)+

(3.872×10−5×𝑡3)

(8)

Using Equation (8), densities for the southern Caspian 207

Sea sampleswere calculated over the temperature range of 208

5–20°C. As noted in Section 2.3, these calculations involve 209

extrapolation with respect to SP, because the SP values 210

of the present samples exceed the upper limit of the fit- 211

ted dataset. The corresponding SA values are presented 212

in Table 4. Residuals between densities calculated from 213

the refined polynomial and the published experimental 214

densities of Millero et al. (2008) are shown in 215

Figure 2. 216

The TEOS-10 inversion yielded SA values of 14.70– 217

15.24 g kg−1 for the southern Caspian Sea samples over 218

the investigated temperature range. In all samples, SR cal- 219

culated from SP was lower than the corresponding SA. The 220

temperature-averaged 𝛿SA values were consistently pos- 221

itive and ranged from 2.35 to 2.93 g kg−1 (Table 5). The 222

variation in 𝛿SA over 5–20°C was very small, with within- 223

sample standard deviations of 0.0075–0.0203 g kg−1. Ac- 224

cordingly, 𝛿SA was considered effectively invariant with 225

temperature over the investigated interval, and these small 226

numerical differences were not interpreted as a temper- 227

ature-dependent change inwater composition. Differences 228

among samples were nevertheless evident. For example, 229

the Nowshahr 10 m sample had the highest SP but the 230

lowest mean 𝛿SA, indicating that the magnitude of the 231

anomaly is not determined by SP alone. Because SP is de- 232

rived from electrical conductivity, dissolved constituents 233

that contribute to density but have little or no influence on 234

conductivity may not be fully represented by SP. In waters 235

with non-standard composition, such as the Caspian Sea, 236

this can contribute to a difference between conductivity- 237

derived SP and density-equivalent SA. The positive 𝛿SA 238

values observed here are therefore interpreted primarily 239

as a density-equivalent indication of compositional differ- 240

ences rather than as a temperature effect. 241

To assess the influence of the residual error of the re- 242

fined density formulation on the derived SA, a first-order 243

sensitivity analysis was performed using Eq. (9): 244

Δ𝑆𝐴≈�
𝜕𝑆𝐴

𝜕𝜌
�Δ𝜌 (9)

where �
𝜕𝑆𝐴

𝜕𝜌
� represents the sensitivity of SA to density and 245

Δ𝜌 is taken as RMS residual of the refined density fit. From 246

the density SA relationship represented by the data in 247

Table 4,
𝜕𝑆𝐴

𝜕𝜌
was approximately 1.30 (g kg−1)/(kg m−3). 248



In
Pr
es
s

Density-formulation-based estimates of TEOS-10 Absolute Salinity and Salinity Anomaly ... 5/9

Table 3. Comparison of measured densities reported by Millero et al. (2008) with densities calculated in this study using

EOS of Caspian Seawater.

Sample Practical Salinity Temperature Measured Density Calculated Density Difference

(SP) (K) (kg m−3) from Eq. (1) (kg m−3)

1 11.274 278.2 1010.76 1011.23 0.47

1 11.274 288.2 1009.70 1010.04 0.34

1 11.274 298.2 1007.32 1007.754 0.43

1 11.274 298.2 1007.50 1007.754 0.25

1 11.274 313.1 1002.40 1002.753 0.35

1 11.274 323.2 998.03 998.4567 0.43

1 11.274 333.1 993.20 993.6226 0.42

1 11.274 338.2 990.55 990.9077 0.36

2 11.304 279.1 1011.00 1011.205 0.21

2 11.304 283.2 1010.62 1010.819 0.20

2 11.304 293.2 1008.90 1009.047 0.15

2 11.304 298.2 1007.66 1007.782 0.12

2 11.304 313.2 1002.60 1002.741 0.14

2 11.304 323.2 998.26 998.4835 0.22

2 11.304 333.2 993.30 993.5976 0.30

2 11.304 343.2 987.83 988.1306 0.30

3 11.262 278.2 1010.90 1011.219 0.32

3 11.262 288.1 1009.70 1010.047 0.35

3 11.262 298.1 1007.51 1007.771 0.26

3 11.262 313.2 1002.40 1002.703 0.30

3 11.262 323.2 998.16 998.4459 0.29

3 11.262 328.2 995.80 996.0782 0.28

3 11.262 343.2 987.70 988.0932 0.39

4 7.8124 278.2 1007.60 1007.879 0.28

4 7.8124 278.2 1007.62 1007.879 0.26

4 7.8124 288.1 1006.50 1006.802 0.30

4 7.8124 288.2 1006.53 1006.785 0.25

4 7.8124 298.1 1004.30 1004.594 0.29

4 7.8124 303.2 1002.87 1003.109 0.24

4 7.8124 313.2 999.41 999.5888 0.18

4 7.8124 323.2 995.11 995.3536 0.24

4 7.8124 328.2 992.70 992.9927 0.29

4 7.8124 343.1 984.81 985.076 0.27

5 11.326 278.2 1011.01 1011.281 0.27

5 11.326 288.1 1009.80 1010.107 0.31

5 11.326 298.1 1007.49 1007.83 0.34

5 11.326 313.1 1002.50 1002.8 0.30

5 11.326 323.2 998.19 998.5033 0.31

5 11.326 328.2 995.81 996.1354 0.33

5 11.326 333.2 993.29 993.6172 0.33

5 11.326 343.2 987.90 988.1502 0.25

6 11.3821 278.16 1011.00 1011.337 0.34

6 11.3821 288.15 1009.91 1010.151 0.24

6 11.3821 298.15 1007.60 1007.868 0.27

6 11.3821 313.16 1002.50 1002.827 0.33

6 11.3821 323.15 998.19 998.5764 0.39

6 11.3821 328.15 995.80 996.21 0.41

6 11.3821 333.15 993.26 993.6932 0.43

6 11.3821 343.16 987.70 988.2231 0.52

7 11.0466 278.15 1010.69 1011.013 0.32

7 11.0466 278.16 1010.70 1011.012 0.31

7 11.0466 288.13 1009.60 1009.839 0.24

7 11.0466 298.13 1007.30 1007.564 0.26

7 11.0466 298.15 1007.25 1007.559 0.31

7 11.0466 313.16 1002.20 1002.524 0.32

7 11.0466 323.15 997.95 998.2758 0.33

7 11.0466 333.13 993.10 993.4041 0.30

7 11.0466 343.15 987.60 987.93 0.33

8 11.3036 278.05 1011.00 1011.267 0.27

8 11.3036 288.15 1009.80 1010.077 0.28

8 11.3036 298.15 1007.50 1007.795 0.30
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Table 3. Continued.

Sample Practical Salinity Temperature Measured Density Calculated Density Difference

(SP) (K) (kg m−3) from Eq. (1) (kg m−3)

8 11.3036 308.15 1004.30 1004.63 0.33

8 11.3036 323.14 998.15 998.5107 0.36

8 11.3036 333.15 993.30 993.6231 0.32

8 11.3036 343.14 987.92 988.1647 0.24

9 11.2961 278.16 1011.00 1011.254 0.25

9 11.2961 288.16 1009.80 1010.068 0.27

9 11.2961 298.13 1007.50 1007.794 0.29

9 11.2961 313.15 1002.50 1002.753 0.25

9 11.2961 323.15 998.21 998.4994 0.29

9 11.2961 333.14 993.30 993.6216 0.32

9 11.2961 343.15 987.80 988.1523 0.35

Figure 2. Residual comparison between measured densities reported by Millero et al. (2008) and densities calculated

using the original formulation (Eq. (1)) and the refined polynomial representation (Eq. (8)) over the available salinity-

temperature range.

Using the RMS residual of 0.03466 kg m−3, ΔSA≈1.30×249

0.03466=0.045 gkg−1. This value represents a first-order250

estimate of the sensitivity of SA to the residual error of the251

density formulation, rather than a complete propagated252

uncertainty budget. Additional uncertaintymay arise from253

spatial and temporal variations in the chemical composi-254

tion of Caspian Sea water. This contribution could not be255

quantified independently because contemporary direct256

density measurements were not available.257

4. Discussion258

4.1 Significance of the refined density representation259

The consistently positive residuals between calculated and260

published experimental densities indicate that the avail-261

able density formulation required reassessment before262

being used for the TEOS-10 inversion. The improved agree-263

ment obtained with the refined polynomial representation264

is important because density values are subsequently used265

as input for estimating SA. Any systematic density bias 266

would propagate into the derived SA and therefore into 267

𝛿SA. The residual pattern may reflect the combined ef- 268

fects of published coefficient values, the fitting procedure, 269

rounding or transcription effects, or limitations associated 270

with the original dilution-based dataset. Therefore, the 271

refined formulation should be interpreted as a practical re- 272

gional representation derived from the available historical 273

density data, rather than as a universal equation of state 274

for the entire Caspian Sea. Because the present samples 275

extend beyond the upper SP limit of the historical density 276

dataset, application of Eq. (8) involves extrapolation and 277

introduces additional uncertainty that is not fully repre- 278

sented by the fit residuals. 279

4.2 Interpretation of positive Salinity Anomalies 280

The positive 𝛿SA values indicate that, at the same SP, south- 281

ern Caspian Sea water has a higher density-equivalent 282

salinity than Reference Composition seawater. This result 283
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Table 4. Densities of southern Caspian Sea samples calcu-

lated from Eq. (8) at different temperatures and the corre-

sponding density-equivalent SA.

Sample t Calculated density SA
(°C) (g kg−1)

A-1 5 1011.70 14.87

A-1 7.5 1011.51 14.88

A-1 10 1011.24 14.89

A-1 12.5 1010.89 14.88

A-1 15 1010.47 14.88

A-1 17.5 1009.98 14.88

A-1 20 1009.42 14.86

A-10 5 1011.56 14.70

A-10 7.5 1011.38 14.71

A-10 10 1011.11 14.72

A-10 12.5 1010.77 14.73

A-10 15 1010.35 14.73

A-10 17.5 1009.86 14.72

A-10 20 1009.30 14.70

B-1 5 1011.84 15.05

B-1 7.5 1011.65 15.06

B-1 10 1011.38 15.07

B-1 12.5 1011.03 15.07

B-1 15 1010.60 15.05

B-1 17.5 1010.10 15.04

B-1 20 1009.54 15.02

B-10 5 1011.94 15.18

B-10 7.5 1011.75 15.19

B-10 10 1011.48 15.20

B-10 12.5 1011.12 15.18

B-10 15 1010.70 15.18

B-10 17.5 1010.20 15.17

B-10 20 1009.63 15.14

N-1 5 1011.79 14.99

N-1 7.5 1011.60 15.00

N-1 10 1011.33 15.00

N-1 12.5 1010.98 15.00

N-1 15 1010.56 15.00

N-1 17.5 1010.06 14.98

N-1 20 1009.50 14.97

N-10 5 1011.98 15.23

N-10 7.5 1011.79 15.24

N-10 10 1011.51 15.24

N-10 12.5 1011.16 15.24

N-10 15 1010.73 15.21

N-10 17.5 1010.23 15.21

N-10 20 1009.66 15.18

R-1 5 1011.84 15.05

R-1 7.5 1011.65 15.06

R-1 10 1011.38 15.07

R-1 12.5 1011.03 15.07

R-1 15 1010.60 15.05

R-1 17.5 1010.10 15.04

R-1 20 1009.54 15.02

R-10 5 1011.95 15.19

R-10 7.5 1011.76 15.20

R-10 10 1011.49 15.21

R-10 12.5 1011.13 15.20

R-10 15 1010.70 15.18

R-10 17.5 1010.21 15.18

R-10 20 1009.64 15.15

is consistent with the known non-oceanic ionic composi-284

tion of the Caspian Sea, particularly its relatively high con-285

tributions of calcium, magnesium and sulfate compared286

Table 5. Mean SA, SR, and 𝛿SA calculated for southern

Caspian Sea samples over the 5–20°C interval.

Sample SP SR Mean SA Mean 𝛿SA SD 𝛿SA
(g kg−1) (g kg−1) (g kg−1) (g kg−1)

A-1 12.01 12.07 14.88 2.81 0.008

A-10 11.88 11.94 14.71 2.78 0.011

B-1 12.14 12.20 15.05 2.85 0.016

B-10 12.24 12.30 15.18 2.88 0.017

N-1 12.01 12.07 14.99 2.93 0.012

N-10 12.81 12.87 15.22 2.35 0.020

R-1 12.14 12.20 15.05 2.85 0.016

R-10 12.25 12.31 15.19 2.88 0.017

with NaCl dominated seawater (Millero and Chetirkin, 287

1980; Millero et al., 2008). This distinction is important 288

because SP is derived from electrical conductivity and SR is 289

calculated from SP, whereas density-derived SA reflects the 290

density-equivalent effect of dissolved constituents within 291

the TEOS-10 framework (IOC, SCOR and IAPSO, 2010; Mc- 292

Dougall and Barker, 2011). Dissolved constituents that 293

affect density but contribute little or no conductivity sig- 294

nal may therefore not be fully represented by SP. In wa- 295

ters with non-standard composition, this can contribute to 296

a difference between conductivity-derived SP and density- 297

equivalent SA. Therefore, 𝛿SA provides a diagnostic mea- 298

sure of the departure of Caspian Sea water from Reference 299

Composition seawater and should primarily be interpreted 300

in terms of compositional differences rather than temper- 301

ature effects. 302

4.3 Temperature invariance and station-to-station vari- 303

ability 304

The very small variation in 𝛿SA over 5–20°C is negligible 305

relative to the magnitude of the anomaly and, within the 306

precision of the present analysis, 𝛿SA can be considered ef- 307

fectively invariant with temperature over this interval. The 308

small numerical differenceswere therefore not interpreted 309

as temperature-driven changes in salinity or water com- 310

position. This distinction is important because electrical 311

conductivity is strongly temperature dependent, whereas 312

SA and 𝛿SA represent composition-related quantities. 313

However, the observed station-to-station variability 314

shows that a single basin-wide correction based only on SP 315

would be premature. This is particularly important for the 316

Caspian Sea, where river input, evaporation, mixing, and 317

regional differences in ionic composition can modify the 318

relationship between conductivity, density, and thermody- 319

namic salinity. The Noshahr 10 m sample, which has the 320

highest SP but the lowest mean 𝛿SA, further illustrates that 321

conductivity-derived SP alone does not fully characterize 322

the density-equivalent salinity of Caspian Sea water. 323

4.4 Implications for regional TEOS-10 applications 324

Themagnitude of 𝛿SA obtained in this study has important 325

implications for applying TEOS-10 to the Caspian Sea. In 326

open-ocean waters, the correction from SR to SA is gener- 327
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ally small, and global TEOS-10 algorithms are often ade-328

quate for most thermodynamic calculations. In contrast,329

the positive anomalies calculated for the southern Caspian330

Sea are large enough to affect density-equivalent salinity331

and may influence estimates of stratification and derived332

thermodynamic properties. Therefore, the use of SR alone333

would underestimate the density-equivalent thermody-334

namic salinity of these waters.335

The results suggest that TEOS-10 can be used not only336

as a salinity conversion tool but also as a diagnostic frame-337

work for evaluating composition-driven departures from338

standard seawater behavior in enclosed basins. However,339

because Eq. (8) is extrapolated beyond the upper SP limit340

of the historical density dataset for the present samples,341

the associated uncertainty is not fully represented by the342

fit residuals. The resulting SA and 𝛿SA values should there-343

fore be interpreted as extrapolated density-equivalent es-344

timates rather than direct measurements. Future stud-345

ies combining high-precision density measurements with346

complete major-ion composition would further refine 𝛿SA347

estimates and improve assessment of their spatial, sea-348

sonal, and long-term variability in the Caspian Sea.349

5. Conclusions350

This study reassessed the density–salinity–temperature351

relationship available for Caspian Sea water and applied352

the TEOS-10 framework to estimate SA, SR, and 𝛿SA for353

southern Caspian Sea samples. The refined polynomial354

representation provided a closer fit to the published ex-355

perimental density data and was used as the density input356

for the TEOS-10 inversion. The resulting salinity anoma-357

lies were consistently large and positive, indicating that SR358

derived from SP does not adequately represent the density-359

equivalent salinity of southern Caspian Sea water. The360

very small variation in 𝛿SA over 5–20°C indicates that the361

anomaly is effectively invariant with temperature within362

the precision of the present analysis. At the same time, the363

observed station-to-station variability indicates that the364

anomaly cannot be represented reliably by SP alone. Al-365

though the magnitude of the estimated anomaly depends366

on the adopted regional density formulation and is sub-367

ject to additional uncertainty from extrapolation beyond368

the historical SP range, the systematic behavior of the de-369

rived anomalies suggests that TEOS-10 provides a useful370

diagnostic framework for identifying composition-related371

departures from Reference Composition seawater in the372

Caspian Sea. Future studies combining direct high-preci-373

sion density measurements, conductivity observations,374

and comprehensive major-ion analyses will help test and375

refine these estimates and better constrain their spatial376

and temporal variability.377
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