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Standard buoyancy calculations refer to atmospheric air pressure. However, the effect of the weight of air underneath the waterline is 

not included as well as displaced air in tanks, structure and equipment above the waterline. A review of the theoretical mistakes in 

calculating buoyancy which includes comparison tables of data of different ship types. Suggestions for correcting the apparent 

mistakes are made. While per mille values for ships are small, per mille buoyancy is a few thousand kN. Documentation of real ships is 

used for correction of the actual mentioned air weights, thereby yielding precise ship weight and draft values.  
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INTRODUCTION 

Traditional hydrostatic theory considers buoyancy and draft 

calculations to be based on water level air pressure (atmospheric 

pressure po). However, the influence of the weight of air under 

the water line as well as air buoyancy above the water line is not 

taken into consideration.   

 

In conventional hydrostatic theory, buoyancy (vertical 

hydrostatic force) calculation is based on sea level air pressure 

(atmospheric pressure po). Therefore, the influence of the air 

pressure differences in vertical direction are not taken under 

consideration in hydrostatic calculations. The weight of air 

located in air fillable spaces under and above the waterline in 

fore and aft peaks, machinery spaces, holds/tanks, containers, 

has to be added or subtracted when calculating the ship’s weight 

and the corresponding drafts. The air buoyancy philosophy and 

the air weight philosophy will be treated in this work.  

  
BACKBROUND  

Elements of the works by Calic (1981, 1987, 1990, 1994) deal 

with ship design and hydrostatic analysis, including original 

development and use of software to perform hydrostatic 

calculations. This lead to a later work by Calic and Fafandjel 

(1999) to provide the theoretical background for calculating 

errors of drafts and displacements of floating objects. However, 

the purpose of this paper is to include the paper mentioned 

above as well as additional investigations in discussing the 

problem of air weight and air buoyancy influences on total ship 

buoyancy, which also includes theoretical illustrations and 

instructions. In a simplified example the bulk carrier and tanker 

with a displacement of 300,000 tons, are shown to have errors of 

-38mm/12.7 mm whereas the displacement errors are 380/300 

tons.  

 

Maletic (1999) analyzed the draft and displacement errors for 

three ship types. This included a tanker, bulk carrier and a 

container ship. The author used original capacity plans from 

which data for performing the necessary calculations was made. 

This is demonstrated later in the paper, where it is clear that the 

errors are not insignificant.  

 

Calic and Matulja (2006) analyzed the errors of an entire series 

of tankers with different dimensions, including mammoth ships. 

The results are roughly in compliance with the error values from 

the first two literature sources mentioned already. It is necessary 

to continue with the processing of data for other significant ship 

types, such as bulk carriers, containerships, cruise vessels as 

well as some others.   

 

During the analysis of errors from the three mentioned sources, 

only the effects of displaced air in the cargo holds and tanks 

underneath the waterline were considered. In order to get more 

precise data about errors or draft corrections and displacements 

in relation to conventional methods of hydrostatic calculations, 

the calculations must be expanded to consider the effects of 

corresponding air weight and air buoyancy influences on final 

draft values and buoyancy, which is treated in this paper.  

 

HYDROSTATIC CALCULATIONS 

In common hydrostatic calculations, buoyancy calculations are 

based on unique air pressure at sea level. Therefore, the 

influence of the air weights under the actual waterline are not 

included in buoyancy and adequate draft values, as well as the 

actual air buoyancy above the waterline.  In order to make the 

correction of the real effects of the weight of air under the 

waterline and the air buoyancy effects above the waterline, the 

theoretical analysis starts with underwater vehicles in fully 

submerged condition (Figure 1) and in the surface condition 

(Figure 2).     

 

Beneath the waterline 

All the air which needs to be added to the weight of a ship is 

located in spaces below the waterline.  These areas include the 

cargo spaces as well as fore and aft peak tanks, machinery 

spaces, partially or completely empty tanks. In this way, the 

weight of air below the waterline represents additional mass of 

the vessel which is not included in conventional hydrostatic 

calculations.  

 



Calic, Kolich          Air Weight and Air Buoyancy Influences on Total Ship Buoyancy          

     2 

 

 
       Figure 1                                Figure 2 

 

Above the actual waterline 

All of the air which is displaced by the cargo spaces as well as 

fore and aft peak tanks, machinery spaces, partially or 

completely empty tanks above the waterline act as air buoyancy. 

This means that when calculating the total weight of a ship, it is 

necessary to subtract the air buoyancy affects from the total 

weight.  

 

From the results of research done till now, it is evident that the 

draft errors of large ships are significant and the displacement 

errors in the hundreds of tons which is also very notable. Based 

on the expanded research results the effects of air on correct 

calculations of buoyancy and drafts, a proposal of the results for 

the corrections should be sent to classification societies for 

further investigation, confirmation and finally adoption into new 

IACS rules.  

 

Due to lack of available public access of the Calic and Fafandjel 

(1999) paper, the authors of this paper decided to repeat the 

basic theory of the phenomena of air buoyancy and air weight 

effects to the hydrostatic results on water buoyancy, draft and 

displacement.   

  

Submerged condition  

Air weights which are trapped in the underwater pressure hull 

could be calculated from the following formula:  

 , 



 


d=w aaa

a

   

 

Surface condition  

The proper air weight calculations have to be based on the 

vessel air-contact surfaces that do not correspond to pressure po.  

Air weights, while air within the pressure hull and the 

surrounding air are in direct contact, can be calculated as 

follows.  

,
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SURFACE FLOATING UNITS AIR WEIGHT AND 

BUOYANCY ANALYSIS 

 

Classical physical background  

Figure 3 is used is used to get the conventional buoyancy 

formula.  

 

 

 
Figure 3. Elements for classical buoyancy calculations 

 

We could start from well-known standard buoyancy 

calculation procedure, where the basic relation is:  
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ddhdAF H   , where, F = buoyancy B, B   ,  

where   cons.                    

 

Analysis of the above relations demonstrate that air pressure 

differences related to the waterline are not included in the 

conventional buoyancy calculation. Therefore, as there are 

different air columns dispersed along a vessel’s length and 

width, those air columns cause different pressures to the vessel’s 

hull. The influences of those pressure differences to total vessel 

weight could be calculated for various vessel loading conditions 

against the following proposed improved calculation procedure.  

 

Physical background - improved calculation, Fig. 4, Fig. 5 
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There are two different influences of air pressure to the vessel’s 

hull, dependent upon position where the pressure is acting to the 

vessel’s hull surface: 

-     pressure is acting to the vessel’s hull surface below the 

actual vessel’s waterline, Fig. 4. 

-     pressure is acting to the vessel’s hull surface above the 

actual vessel’s waterline, Fig. 5 

 
Fig. 4  Air pressure acting on vessel below waterline 

 
   Fig. 5  Air pressure acting on vessel above actual waterline 

 

 

Corrected data, Fig. 4 
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Corrected data, Fig. 5: 
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Uncorrected data (conventional method): 
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SIMPLIFIED EXAMPLES 

To confirm the previous theoretical approach, two examples are 

treated. The ships are assumed to be in departure condition, 

thereby fully loaded ships. The first example illustrates physical 

hydrostatic conditions for a bulk carrier vessel type. The second 

example illustrates these conditions on a tanker vessel type. 

  

Common data for both vessels types: 

Total vessel mass:    300000  t 

Horizontal area:     10000A  m2 

Vessel height:     40H  m  

Air density :      27.11   kg/m3  

Water density:     10002   kg/m3 

Draft, standard solution:  

 000.30
100010000

300000000

2





xA

T


 m 

 

Example 1 - bulk carrier vessel type 

Draft, corrected, 

   
038.30

1000027.11000

300000000

12








xA

m
Ta


 m 

 

Draft error:  

 038.0038.30000.30 T m, or -38 mm 

 

Example 2 - tanker vessel type 

Draft, corrected, 

 
987.29

1000027.11000

3000000001
1

12

















x
H

A

m
Tb 


m 

 

Draft error:  

 0127.0987.29000.30 T m, or 12.7 mm 
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DISCUSSION 

In classical buoyancy calculations, the influence of the weight 

of air under the waterline is not taken into consideration. 

Therefore, from example 1, it becomes evident that when 

including the influence of air weights exclusively in the cargo 

holds, the total ship weight increases in comparison to 

traditional weight calculations.  Likewise, the buoyancy has to 

be the same as the actual ship weight, which means that the draft 

needs to increase for the corresponding amount. Equilibrium is 

met at deeper drafts. There is a direct correlation between air 

weight below waterline and increasing vessel draft. The 

theoretical draft of 30.0 m is 38 mm less than the actual vessel’s 

draft of 30.038 m.   

 

For example 2, a tanker vessel is analysed in fully loaded 

departure condition. Therefore, it is assumed that there is no air 

below the waterline in the cargo tanks. However, there is air 

displaced by cargo fluid above the waterline. The air above the 

waterline has an opposite effect on the vessel’s weight from 

example 1 above, thereby decreasing the total weight. This 

means that the actual buoyancy is also less by the same amount. 

Thereby the theoretical draft 30.0 m is larger than the actual 

draft of 29.987 m.  

 

In both simplified examples, the theoretical assumptions are 

confirmed. For very large vessels, the differences in weight and 

draft become relatively significant. 

 

INVESTIGATIONS OF AIR MASS ERRORS OF THREE 

DIFFERENT VESSELS 

 

Everything is based on documentation of three actual ships, 

which includes a containership, a tanker vessel and a bulk 

carrier (Maletic 1999). The shipyard data includes general 

arrangements and capacity plans. The calculations are based on 

the influence of air weights and air buoyancy on ship 

displacement and draft values. Classical hydrostatic calculations 

do not consider these air influences. Likewise, air that is 

displaced by the structure, equipment, machinery, ventilation, 

pipes, crew, passengers and any other elements result in air 

buoyancy.  Whereas in some cases the air adds to the weight of 

the ship when below waterline, above the waterline, the 

displacement of air by the solids mentioned above yields air 

buoyancy which decreases the weight of the vessel.  

 

 

  

 

 

 
Fig. 6 General Arrangement Plan of Fully Loaded Container Ship  
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Fig. 7  General Arrangement Plan of Fully Loaded Tanker Vessel  

 

 

 
Fig. 8 General Arrangement Plan of Fully Loaded Bulk Carrier Vessel  

 

Containership 

The correction of the total vessel weight due to air weight 

influences includes the weight of air in the empty cargo holds 

which means no containers on the whole ship at all. It is 

necessary to add the weight of air below the waterline to the 

total weight of the ship. In case of a fully loaded ship with 
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containers (See Figure 6), then it is necessary to reduce the air 

buoyancy influences to the total weight. The weights are 

lowered due to the effects of the air buoyancy of the containers.   

 

Tanker Vessel 

As is evident in Figure 7 below, with a tanker vessel the 

correction is based on the displaced liquid from the cargo tanks 

above the waterline, because below the waterline the tanks are 

100% filled with liquid cargo. Therefore, there is no additional 

air weight under the waterline. Since those weights of air are 

lacking above the waterline, it acts to decrease the total weight 

of the ship.  

 

Bulk Carrier  

With regards to a bulk carrier (Figure 8), the situation with air 

weight behaves similarly as with the container vessel. First, 

while the cargo holds are empty, the total weight has to include 

the weight of air up to the waterline. In fully loaded condition, 

the total weight has to be reduced for the value of air buoyancy 

of cargo in cargo holds. This is equal to the weight of air 

displaced by cargo. 

 

ERRORS - REVIEW TABLE  

The error results shown in Table 1 below are similar to the 

results explained in Calic and Fafandjel (1999).  

 

Table 1: Review of absolute and relative errors (Maletic, 1999) 

 Container 

Ship 
Tanker 

Bulk 

Carrier 

L
ig

h
tw

ei
g

h
t 

sh
ip

 Total error in 

weights, kN 
-135.390 -112.237 -111.482 

Relative error in 

weights, % 
-0.107 -0.119 -0.111 

Total error of 

drafts, m 
-0.005 -0.004 -0.003 

Relative error 

of drafts, % 
-0.124 -0.170 -0.122 

F
u

ll
y

 l
o

ad
ed

 s
h

ip
 Total error in 

weights, kN 
316.274 96.331 66.715 

Relative error in 

weights, % 
0.066 0.022 0.015 

Total error in 

drafts, m 
0.007 0.002 0.001 

Relative error in 

drafts, % 
0.059 0.020 0.010 

 

According to Calic and Matulja (2006), the curve shown in 

Figure 9 shows the regression curve relation between drafts to 

deadweight for a larger sample of tanker vessels based on 

conventional hydrostatic data.  

 
   Fig. 9  Present draft results regression curve Tp in relation to 

deadweight  

 

Figure 10 shows a regression curve relation between drafts to 

deadweight upon air influence corrections for the tanker vessels 

analyzed in Calic and Matulja (1999).    

 
   Fig. 10  New draft calculation Tn in relation to deadweight 

 

Figure 11 shows a regression curve behaving in a logarithmic 

manner between draft differences between corrected value and 

uncorrected conventional values vs. the deadweight.  
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   Fig. 11  Draft differences ∆T and deadweight  

 

Figure 12 shows a virtual linear regression curve through the 

data for mass of un-included air in parts of cargo tanks above 

the waterline. It would be good to break down the regression 

curve into two curves for each of the Figures 9-12 in a potential 

future analysis.  One for the smaller set of deadweight vessels 

up to 200000 tons, and the second for vessels greater than 

300000 tons deadweight. These results are similar to the results 

from Calic and Fafandjel (1999) and Calic and Matulja (2006).  

 

 
   Fig. 12 Displaced air weight by liquid in cargo tanks above the 

waterline and deadweight relations 

 

 

 

 

CONCLUSIONS 

Influences of differences in air pressure above the waterline as 

well as air pressure under waterline that are not included in 

conventional hydrostatic calculation, are presented. The 

examples of this improved calculation demonstrate significant 

draft and deadweight corrections with reference to standard 

hydrostatic calculations. Those differences are particularly 

significant for larger vessels. 

 

Taking into consideration the explained errors due to air weight 

and air buoyancy effects results in more accurate drafts and 

therefore deadweight predictions during both vessel design and 

vessel exploitation. Improvement is achieved also in vessel 

weight estimation related to the measured drafts. 

 

It is recommended to also investigate in addition to the standard 

cargo tanks and holds also the effects that the vessel structure, 

machinery, devices and all other ship parts that could influence 

the final draft and deadweight predictions.  Whereas these 

additional parts definitely influence the draft and deadweight, 

the authors have determined that it is not as significant as the 

influences that cargo holds and tanks have, based on present 

knowledge. However, it should be investigated to make it 

significantly clearer.  

  

The authors likewise recommend additional research in this 

field for a series of bulk carriers, containerships, and passenger 

cruise vessels, similar to what was done with the series of 

tankers explained in this work.   

 

Finally, the importance of the research results explained in this 

paper should also be applied by classification societies 

worldwide.  

SYMBOLS: 

B    - buoyancy, vertical component of hydrostatic 

force, N. 

     - water specific weight, N/m2. 

d   - differential volume up to the water surface 

level of wetted surfaces, m3. 

    - volume up to the water surface level of wetted 

surfaces, m3. 

p0
   - environmental air hydrostatic pressure on 

environmental water surface, N/m2. 

ph
   -environmental water hydrostatic pressure, N/m2. 

dA    - differential wetted hull surface exposed to 

environmental hydrostatic pressure, m2. 

dA dAT H,  - corresponding wetted hull surface differential 

horizontal and vertical projection, m2. 

dF   - full differential hydrostatic force, N. 

dF dFH V,  - horizontal and vertical component of 

differential hydrostatic force, N. 

a
w  -weight of whole air within enclosed vessel’s body, N. 

a
  - air specific weight, mainly is changing in z axes 

direction, depending on air column, N/m3. 
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a
d  - differential volume relating to all spaces where air 

is contained, N/m3. 




a
 - corresponding surfaces within pressure hull where 

air is contained, m2. 

w
a

 - weight of whole air within vessel’s body under 

actual waterline, N. 


a

 - air specific weight, mainly is changing in z axes 

direction, depending on an air column, N/m3. 

d
a




 - differential volume relating to all spaces where air 

is contained below actual waterline,  

   and those spaces above actual waterline fulfilled 

other contents instead of air, N/m3. 


a

 - corresponding surfaces within spaces where air 

weights are under consideration, m2. 

B  - buoyancy, vertical component of hydrostatic force, N. 

   - water specific weight, N/m2. 

 

LITERATURE: 
 

Čalić, B. , 1981 Matematsko opisivanje formi specijalnih 

objekata (Mathematical describing of special vessel forms), 

Master degree thesis, Faculty of Engineering and Naval 

Architecture, University of Zagreb. 

 

Čalić, B., 1987 Computer processing of special underwater 

forms, Proceedings, Mobile Offshore Structures, City 

University, London.  

 

Čalić, B.  1990, Some aspects of tourist submarine design. 

Proceedings, Tourist Oceanology International (TOI 90), 

Monte Carlo, Spearhead Group, London. 

 

Čalić, B.  1994, Doctor degree thesis, Prilog metodama 

rješavanja ekologije voda primjenom specijalnih 

autonomnih sustava za odstranjivanje polutantnih fluida iz 

potopljenih spremnika Eng. Contribution of solving water 

ecology by means of a special autonomous system for 

extracting polluted fluids from sunken ship tanks, Faculty 

of Engineering, University of Rijeka, Rijeka. 

 

Čalić, B., Fafandjel, N. 1999 Expied errors in vessel weight and 

drafts calculation procedure, The PAMM's periodical 

Bulletins for Applied and Computer Mathematics, (0133-

3526) 193-200.    

 

Čalić, B.; Matulja T. 2006, Draft and weight corrections based 

on air weight calculations, Proceedings SORTA,  Faculty of 

Engineering, University of Rijeka, 15-22. 

 

Maletić, M. Određivanje ispravljenih gazova i težina na osnovu 

očitanih gazova (Determining corrected drafts and weights 

based on measured draughts), Thesis, Faculty of 

Engineering, University of Rijeka, 1999. (mentor B. Čalić 

Bruno) 

 

Author Biographies 

 
 

Prof. Bruno Calic, PhD., Nav. Arch., is a full professor at the 

Faculty of Engineering, University of Rijeka. Presently he is the 

Chair of Ship Design and Head of the Ocean Engineering 

Laboratory in the Naval Architecture and Ocean Engineering 

Department, which he was also head of in the past.  He teaches 

courses related to ship design and hydrostatics, as well as ocean 

engineering and ship design optimization. His first employment 

was at Uljanik Shipyard as Chief of Production Design of the 

parallel middle body of 260000 dwt OBO carriers, where he 

collaborated with a Danish consulting firm. He worked for 

many years as Head of the Design and Research and 

Development of submarines and other underwater objects in the 

famous “Brodoprojekt” design bureau. Professor Calic had 

working relationships with world famous deep sea explorers and 

designers such as Jacques Piccard, Don Walsh and Urlich 

Gobbler.  He is the receiver of multiple international and 

Croatian government awards for his innovations of new 

products based on his own original ideas. He is also the author 

of two original software packages, Podvod for hydrostatic 

calculations and Anti-pollutant offshore software.   

 

 

Prof. Damir Kolich, PhD., Nav. Arch., is an assistant professor 

at the Faculty of Engineering, University of Rijeka. He is a 

member of SNAME since 1992 and was graduated from Webb 

Institute in New York in 1996. After working in the sales and 

design departments of various Croatian shipyards, he enrolled in 

the University of Rijeka Naval Architecture Department as a 

Teaching Assistant in 2008, where he earned his PhD in 2011. 

His specialties are lean manufacturing, design for production 

and data mining in shipbuilding.  He is the Faculty Head of the 

SNAME student chapter at the University of Rijeka, first one in 

Croatia. He also assists the student “RITEH Waterbike Team”.  


