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A Test -study on 

the Water Vapour Balance in the Atmosphere 

over the North Atlantic Ocean 

Suguru ISHIJIMA * 
Abstract 

In this study the data of 10 days of Jan. 1957 were analysed to examine the 
validity of water vapour balance in the atmosphere. It is demonstrated that 
precipitation over the North Atlantic Ocean, surrounded by the continents with 
the sufficient number of observation stations along their coastal line, can be 
estimated from the consideration of the energy balance among evaporation from 
the sea surface, transport of the atmospheric water vapour, and the precipitation. 
The estimated precipitation distribution was compared with the low cloud distri
bution which may be considered to be a fairly good indicator of precipitation. 
And also the relationship between precipitation and the mean vertical velocity on 
the 850 mb, 700 mb and 500 mb was examined. It is concluded that the precipi
tation has a close relationship with the low cloud amount, but a meaningful 
relation between precipitation and the mean vertical velocity was not detected. 

1. Introduction 
Benton and Estoque(ll (1954) studied the balance between evapotranspiration, 

transport of water vapour, precipitation, and discharges from rivers for the case of 
the atmosphere over the North American and Canadian continent and evaluated the 
evapotranspiration from the measurable quantities, that is, transport of water vapour, 
precipitation and discharges from the rivers. 

Weather observations are sparse over the oceanic surfaces, and, moreover, the 
major source of data over the ocean are reports from the merchant vessels, which do 
not observe precipitation. This is one of the reasons why the study of the energy 
problem over the ocean has been less promoted than over the lands. 

Wiist'21 (1936) firstly related the difference between evaporation and precipitation to 
the salinity, based on which he obtained precipitation by measuring evaporation and 
salinity. Later, Jacobs(3) (1951> constructed the chart of annual and seasonal precipita
tion with use of the results given by Wiist and the Soviet World Atlas. On the other 
hand, G. B. Tucker[41 1961 recently drew the map of seasonal precipitation over the 
Atlantic ocean. In his determination of precipitation the correlation between the 
present weather and the precipitation which was obtained from the land observations 
was applied for the data of the present weather and precipitation reported by the 
weather ships over the Atlantic ocean. 

Present author shows how it is possible to estimate precipitation from the view of 
the balance among evaporation from the surface, transport of the atmospheric water 
vapour and precipitation, over the ocean area bounded by the east coastal lines of 
America, the Cuban islands, the west part of Africa, and the southern Europe and 
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England. 

2. Data and equations for computations 

The data of 1st through 10th Jan., 1957, in the Northern Hemisphere Data Tabulation 
Daily Bulletin issued from the U. S. Weather Bureau were used. The observation 
stations were listed in the Table 1 (1), and locations of the main stations and ships 

were shown in Fig. 1. For the analysis of the upper atmosphere, we used the coastal 

Table 1. Observation stations and ships 
(1) Observation Stations (3) Merchant Ships 

(72) 202 Miami N 60-65 W 0-10 
206 Jacksonville 40-50 60-70 
208 Charleston, S. C. 40-50 50-60 
304 Hatteras, N. C. 40-50 40-50 
405 Washington, D. C. 40-50 30-40 
506 Nantucket, Mass. 40-50 20-30 
606 Portland, Maine 40-50 10-20 
807 Argentina 40-50 0-10 

(04) 018 Keflarik 30-40 70-80 
270 Narssarssuaq 30-40 60-70 
509 Lajes (Acores) 30-40 50-60 

(78) 016 Kindley-Berm 30-40 40-50 
367 Guantanamo 30-40 30-40 
467 Sabana de la Mar 30-40 20-30 
526 San Juan 30-40 10-20 
897 Raizet, Guandeloupe 20-30 80-90 
089 Bone fish Bay 20-30 70-80 

(03) 005 Lerwick 20-30 60-70 
026 Stornoway 20-30 50-60 
808 Cambornel 20-30 40-50 
917 Alderqrove 10-20 70-80 
953 Valentia 10-20 60-70 

(07) 110 Brest 10-30 30-40 
(08) 521 Funchal 10-30 10-30 

536 Lisboa/Portela 10-20 40-60 
594 Jal 

(61) 401 Ft-trinqvet 

(2) Weather Ships 

02 B 0 565 510 
03 C 0 525 355 
04 D 0 440 410 
05 E 0 350 480 
041 K 0 450 160 
520 J 0 523 201 
061 I 0 589 192 
063 A 0 620 330 
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Fig. 1. Position of observation stations over and near the North Atlantic Ocean 
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Fig. 2. Mean surface pressure distribution during the period 1st through 10th 
of January 1957 
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Fig. 3, Surface level wind vectors 
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land observations and oceanic weather ships (Table 1 (2», whereas more emphasis 
was put on the ships (Table 1 (3) ) for the surface analysis, because the land 
observations appear to be influenced by orographic effects and do not represent their 
neighbouring areas. 

We copied the data of velocity, temperature, humidity twice a day for the upper 
atmosphere, and those of surface pressure, velocity, temperature, dew point, and cloud 
amounts for the surface of the set up regions. During the period of the concerned 
10 days the low existed along the coasts of the American continent which sometimes 

moved towards the northern part of the ocean near Greenland, and the anticyclone 
in the subtropical region extending from the central Atlantic ocean to the south of 
the Iberian peninsula. The mean map of the surface pressure over the above 10 days 
is shown in Fig. 2 and those of the surface level and 500 mb velocity fields are in 

Fig. 3and 4. 
The essence of the water vapour balance is explained in the following. The 

increment of the water in the atmosphere per unit time and per unit mass of the 

atmosphere is, 

(1) 

in the p coordinate. Specific humidity is denoted by q, water concentration by c and 

vertical p velocity by (J) (= ~~ ) • If we consider the period long enough, the first 

term in the above equation becomes relatively small and negligible. The equation (1) 

can be rewritten with the aid of the continuity equation and takes the form of, 

~_ aqu + aqv + a {J)q 
- dt - ax ay ap 

By integrating the above equation with p from the top of atmosphere (Poo) to the 

surface level (Ps), we get, 

Ps d JPS JPS a -J _c_d = ( aqu + aqv) d + ~d 
dt p a x a y , Pap p 

~ ~ ~ 

Setting the boundary condition {J)q= 0 at P=Poo 

that was assumed to be at 400 mb level in the present analysis, the following 

equation is obtained, 

Pr =E-M (2) 

where we defined the three quantities as f-ollows; 

1 JPs dc 
Pr g Poo(ftdp 

(the condensation amount occuring above Ps level, that is, precipitation observed at 

the surface level) 

E_-+({J)q)pS 
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(the water vapour amount transported upward through the Ps level, that is, 
evaporation from the sea surface) 

M= _1_JPs ( () qu ~) d 
- g Poe a x + oy p 

(the divergence field of the water vapour transport within the region bounded by 
the Poe and Ps leve1) 

As is clear from the equations (2), evaporation becomes larger than the precipit~tion 
where M>O, while the opposite relation holds where M<O. The excess of the water 
vapour (evaporation over precipitation) in a setup region will be transported to the 
neighbouring continents or parts out of the region and supply energy to the atmos
phere there when it comes to condense. 

Evaporation is ,estimated by the evaporation chart constructed by Kondo(5', (6) 

(1962). The process of analysis of the quantity Mis, (1) to obtain the 
componentslU and v, :(2) to compute the quantities qu and qv, (3), to take the mean 
of these quantities for 10 days and integrate with regard to P from the surface to 
400 mb, and (4), to compute the divergence by performing differentiation with 

hor:izontal axes x 'and Y. Although we are provided with the actual data until 500 
, ' , 

mb level, the interpolation from the values at the surface, 850. 700 and 500 levels 
makes it possible to" estitnate the value at 400 mb. Examples of ,the distribution of 
qu and qv with height is shown in Fig. 5. 

3. Results and Discussions 

In winter cold air masses which have passed over the American continent, comes 
into the westprn Atlantic ocean, and becomes unstable because of the underlying 
warm Gulf Stream. Moreover, the westerly is strong in the middle latitudes. These two 
effects contribute in creating strong evaporation as shown in Fig. 6. The intense 

, , 

evaporation area spans from the western Atlantic off the east, coast of the U. S. to 
the north-western part of the ocean south of Greenland. The center of this area is 
located north of Bermuda, and evaporation there amounts to more than 18mm/day. 
In the subtropical region where the high is located, evaporation amounts only to 3 
mm/day because of the calm wind. The general tendency' of the obtained evaporation 
distribution is similar to that of Jacobs (1951:'. The averaged value of evaporation 
over the whole Atlantic ocean (20-100N) is 6 mm/day, while 4 mm/day evaluated 
from the results of the seasonal distribution given by Jacobs. 

Our estimate is larger than Jacobs'. We can attribute this discrepancy partially to 
the difference of the length of the periods of two studies. However, the essential 
reason is found in the difference between the Kondo's evaporation chart and Jacobs',7J 
methods (1942) in estimating evaporation. The evaporation chart method which owes 
to the theory of turbulence given by Yamamoto(8) (1959) considers not only the 
stability of the atmosphere but also the roughness of the sea surfaces caused by 
the wind. Jacobs' method was built on the simple basis that evaporation (E) is 
proportional to the product of the difference of the saturation water vapour pressure 
(es) right above the surface and water vapour pressure (e) in the· atmosphere slightly 



160 ISHIJIMA: A Test-study on the Water Vapour Balance in the Atmosphere 
over the North Atlantic Ocean 

72--;)06 ship D ship I 
lOOmb 

I 
o qu 

\\ II x. qv 

500 
0 leO l(C 

600 \ \ \ 700 
0 X O x 0 

850 I ~ \ 
l\ 0 X. 

20 40 (m/s) 40 (111/s) 

Fig. 5. Examples of vertical distribution of qu and qv 
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Fig. 6. Distribution of evaporation from the North Atlantic Ocean 
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h igh above the surface, and the wi nd velocity (V), as formulated by E=k(e~ - e ) V. 
where k was empirically determined usi ng the evaporat ion obta ined f rom the heat 

budget theory fo r particular regions. This simplification in esti mating evaporation 
results in t he fact that Jacobs' equation gi ves the large value for t he weak wind a nd 
sma ll va lue for the strongwind as in the midd le latitude in wi nter. In add ition, elimi
natio n of the sta bi lity considera tio n causes the underest imat ion in the Jacobs' method. 

The divergence fie ld of water vapour transport is shown in Fig. 7. The western, 

centra l and southern pa rts of t he Atlantic ocean experience th e posit ive M with the 

most intense areas over the east coast of the U. S. and over I.he 10- 20 N region nea r 

the equator. The negative value of M is found in the higher latitude (40 - 60 N)zone 

and in the south of the Iberian peninsu la. The water vapour sho uld come into the 
nega ti ve region of M from the positive region. The averaged value of Mover 20 - 60 
N regio n is about 2- 10-1 gr/ d ay cmz (2 mm/ day) which is roughly equa l to the 

corresponding va lue estimated from Jacobs' results of E·P. According to the Benton 

and Estoq ue' s estimation (1954), - 0.8 mm/ day of M exists over the American 
continent in winter. It is understandable tha t M takes negative values over any 

continent since it acts as a water vapour sink, and this nega t ive must be somehow 

compensated by the posi tive value M over the oceans acting as a water vapour source. 

Precipi tation computed from the equation (2) is shown in Fig. 8. The general 
picture of precip itation is similar to the evaporat ion fi eld. but some diHerences a re 

Unit : 
xlO"grjday 

"n' 

!XI ~l j11 60 54] -tn :10 211 10 II 

Fil. 7. Divergence of water vapour transport 
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Fig. 8. Computed precipitation distribution 
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seen in that the center of the strong precipitation area is located slightly more 
eastward and generally precipitation is weaker in intensity than evaporation. The 
intense area discovered over the Madiera Canary islands seems to be caused by the 
cyclone which occassionally passed over this area, but it would have been eliminated 
if smoothing out the chart by taking a longer period. The negative area of 
precipitation found in this figure must be the error in the computation. The distri

bution of the cloud amount of low clouds below 2500ft shown in Fig. 9 is in fairly 
good agreenent with the precipitation field. It is understood that cloud amount 
should not represent the precipitation exactly. but it can be of help to guess 

precipi tation. 
The averaged value of precipitation over 20-60 N is 4.0 mm/day. Both estimates 

given by Tucker (1961) and by Jacobs (1951) amount to 2 ...... 3 mm/day which is less 
than the presen,t result. It is because there might be much rain during the period 
of 1st through 10th Jan., 1957. The better comparison can not be made until we try 
to find the result for the period as long as Jacobs or Tucker did. 

The mean vertical p-velocity were analysed for 850 mb, 700 mb (not shown) and 500 
mb. shown in Fig. 10 and Fig. 11. They were obtained from integrating the equation 
of continuity written in the p-coordinate with the lower boundary condition that the 
mean vertical p-velocity is zero ({J)-=O) at the surface. 



Bull. Sciences & Engineering. Div. Univ. of the Ryukyus.(Math. & Nat. Sci.) 163 

40 

30 

20 

10 

Unit: 
8-classifi -

cation 

90 80 70 60 40 30 20 10 0 

60 50 40 

Fig. 9. Cloud amount distribution of low cloud 
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FiB. 11. Distribution of Q) at 500 mb level 

We obtained 4xlO- I, 8xlO-t and 16xlO- ' mb/sec for the value of w at the levels 
of 850, 700 and 500 mb, respectively. Tn the subtropical region where an 
anticyclone exists, the descending motion dominates, as shown in the maps. The 
belt of the ascending motion extends from the east coasts of the U. S. and Canadian 
continents to the south of Greenland and Ireland. The pattern of the mean vertical 
p.velocity is not in agreement with that of precipitation, especially over the east of 
Bermuda and the west of Iberian peninsula. The vertical velocity (or vertical p 
velocity) is often used as a representative of precipitation on the basis of the 

positive correlation between the two quantities. However, this is significant only 
when the argument is concerned with a small area. As is seen in the present analysis, 
there is little correlation between the precipitation and vertical velocity when 
they arc treated over the wide area. This absence of the relationship of the precipi. 
tation with the velocity (or vertical p-velocity, can be attributed to disappearance 
of the perturbat ion of vertical mo tion which directly contributes to precipitation 
in the stage of taking average of the vertical velocity over the wide area. 

... Conclusions 

11 is impossible to get actual distribution of precipitation because of no reports 
of precipitation from the oceanic weather ships. The present author showed how it 
was possible to gel the information of precipitation by means of the water vapour 

balance indirect Iy. 
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The most intense evaporation is located over the east of the American continent 
north of Bermuda, while that of precipitation is little more eastward. Neither 

evaporation nor precipitation is strong over the subtropical area. Generally speaking, 
there arc strong precipitation and evaporation in the cyclonic area. 

The averaged values over the concerned ocean area for evaporation, precipitation 

and the divergence of the water vapour transport are about 6, 4, 2 mm/ day, respecti_ 

vely. The positive amount 2 mm/ day of M (= E- P) means that this excess amount 

of the water vapou r is being transported to the other region of the ocean or to the 

American and European continents. 

The comparison between the vertical velocity and the precipitation showed no 

re lation between them, objecling to the ordinary conception of the vertical velocity. 
It became clear in the present paper thai it is nol necessary for area of the ascending 

motion to have precipitation, as in the spots of the east of Bermuda, west of England 

and south of Iceland. We came to think that the eddies of vertical velocity grea tly 

contributes in precipitation so that we can not relate the precip itation directly to the 
mean vertical velocity. 
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