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Abstract

The dominant model of atmospheric circulation is based on the notion that hot air rises, creating horizontal winds. A second major driver
has been proposed [1] in the biotic pump theory (BPT), by which intense condensation is the prime cause of surface winds from ocean to
land. Critics of the BPT argue that air movement resulting from condensation is isotropic [2]. This paper explores the physics of water
condensation under mild atmospheric conditions, within a purpose-designed square-section 4.8m-tall closed-system structure. The data
show a highly significant correlation (R? >0.96, p value <0.001) between observed airflows and partial pressure changes from condensation.
The assumption that condensation of water vapour is always isotropic is therefore incorrect.
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La condensacion y el cambio en la presion parcial como causa
principal del flujo de aire: Evidencia experimental

Resumen

El modelo dominante de la circulacion atmosférica presume que el aire mas caliente sube, generando asi los vientos horizontales. La teoria
de la bomba biodtica (BPT) [1] propone un segundo mecanismo, en la cual la condensacion intensa sea la causa primaria de los vientos
superficiales. Los criticos de la BPT discuten que cualquier movimiento del aire resultando de la condensacion sea isotropico [2]. Este
articulo explora la fisica de la condensacion de vapor de agua bajo condiciones atmosféricas livianas, utilizando una estructura experimental
disefiada para tal fin. Los datos demuestran una correlacion altamente significativa (R? >0.96, p valor <0.001) entre los flujos de aire
observados y los cambios en la presion parcial resultante de la condensacion.

Palabras claves: Flujo de aire; condensacion; conveccion; anisotropico.

1. Introduction

Atmospheric convection, which leads to air mass
circulation, is generally considered to result from the lower
atmosphere acting as a heat engine, with the kinetic energy
for convection deriving from differences in temperature,
according to the general principle that hot air rises and cold
air sinks. Makarieva et al. [3,4], in the Biotic Pump Theory

(BPT), have argued that cloud-forming and the resulting
condensation, fuelled by evapotranspiration from closed-
canopy rainforest, removes water vapour molecules from the
gas phase. That removal disturbs hydrostatic equilibrium and
makes air circulate under the action of the
evaporation/condensation force.

Evidence that surface airflow from the ocean to land is
drawn in as a consequence of cloud condensation has come

How to cite: Bunyard, P.P., Hodnett, M., Pefia, C. and Burgos-Salcedo, J.D., Condensation and partial pressure change as a major cause of airflow: experimental evidence DYNA,

84(202), pp. 92-101, September, 2017.

© The author; licensee Universidad Nacional de Colombia. @
Revista DYNA, 84(202), pp. 92-101, September, 2017, ISSN 0012-7353
DOI: http://dx.doi.org/10.15446/dyna.v84n202.61253



Bunyard et al / Revista DYNA, 84(202), pp. 92-101, September, 2017.

from a number of different sources. Poveda et al. [5,6]
suggest that at 4° N over Colombia’s Choco the high rate of
evapotranspiration from the dense rainforest and the
consequent cloud formation draws in humid surface winds
from the Pacific Ocean.

Critics of the BPT argue that the movement of air which
takes place during the condensation of water vapour is
invariably an isotropic process, with the air moving from all
directions simultaneously, thereby preventing any net, uni-
directional flow [2]. The physical experiments, as undertaken
and presented here, indicate instead that condensation can be
anisotropic, thereby triggering a net, uni-directional flow.

2. Methodology

To test the underlying physics of the impact of
condensation upon airflow, a dedicated structure forming a
“square donut” was constructed. The experimental structure,
Fig. 1, consists of two hollow columns, made of insulated
PVC, 4.7 m high (internal), with an internal cross-sectional
area of 1.38 m?, connected at the top and bottom by ‘tunnels’
2.35 m long.

Access to each column is by means of an insulated PVC
door, with double glazing to allow a view inside. Two layers
of copper refrigeration coils are located near the top of the
right-hand column, around the four walls, connected to a 1
kW industrial refrigerator located some 3 m away on the floor
of the laboratory. The cooling coils have a total surface area
of 0.64 m? and take up one third of the cross-sectional area.

Calibrated sensors, including Class 1 thermocouples (T),
Rotronic (accuracy £0.8%) hygrometers (which also measure
temperature) (RH+T), and barometric pressure gauges
(PI642P accuracy +0.062%) (BAR) provide measurements of
changing conditions within the columns and tunnels every
five seconds. A Novus logger transmits data from the four
thermocouples and pressure gauges to the computer. The Gill
2-D ultrasonic Windsonic (accuracy + 2%) anemometer
(UA), measuring every second, is sited in various locations
in the upper tunnel during the course of distinct experiments.
One location for the anemometer is 0.1 m up from the floor
of the upper tunnel and some 0.05 m from the junction
between the tunnel and the right-hand column; another
location is 0.5 m up from the upper tunnel floor and close to
the junction of the tunnel with the left-hand column, therefore
>2 m away from the cooling elements.

Lightweight gauze windflaps are located at the left end of
the top tunnel and at each of the bottom tunnels. These flaps
provide a visual indication of airflow direction when this is
too low to be recorded by the anemometer.

The directionality of any airflow is either clockwise
(down from the cooling coils and up the left-hand column),
or counter-clockwise (up the right-hand column from the
heating mat, past the cooling coils, and down the left-hand
column). The Gill anemometer does not record directionality
when airflow falls below 0.05 ms’!, and does not record air
speed below 0.01 ms™'. Because of the way the anemometer
is mounted, a rightwards or clockwise airflow is recorded as
lying between 170° and 190°, and a leftwards or counter-
clockwise flow as lying between 0°-10° and 350° -360°.

At the end of each experimental run, the frozen
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condensate on the cooling coils melts and the “rain” is
gathered by means of a sloping-plane, hard plastic sheet, with
a gutter at its lowest end.

3. Equations

Standard physics [7,8] are applied throughout to interpret
the experimental results. The three variables of temperature,
barometric pressure and relative humidity are used to
calculate the partial pressure of water vapour (ppwv) using
the exponential equation of Clausius-Clapeyron, [7] p.165.
Eq. (1) & (2). Since at an atmospheric pressure of 1013.25
hPa, p,, water boils at 373 K, represented as T,, it is possible
to substitute for p, and T,. The saturated partial pressure of
water, p;.at each temperature, T; can be determined as
follows:

T,—T:
Ink2 = Q(T>—T1) (1)
P1 RT, Ty
Eq. (1) can be rewritten as:
Q(T-Ty)
logp, =2 1z303 = 108D (@)
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Figure 1. This diagram shows the positioning of the sensors: Barometer
(BAR), 2-D Ultrasonic Anemometer (UA) Thermocouple (T), and Relative
Humidity Hygrometer, which also measures temperature (RH+T). The
refrigeration coils, heating mat and rain-collector are also shown. It
illustrates the set-up when the air circulation is clockwise, (gauze flaps).
Sensors for RH+T have been placed at each of the three numerals at locations
(1), (2) & (3), and BAR at locations (1) & (3). Location 1 is 0.05 m beneath
the lower coil and 0.1 m below the junction of the upper tunnel with the
right-hand column. Location 2 is 1.2 m above the floor of the right-hand
column and location 3 is 0.5 m above the floor of the top tunnel. The top
right T is 0.005 m from the upper cooling coil. The lower T in the right-hand
column is 1.75 m up from the floor and the T in the left hand column is1.5
m from the floor. The T in the upper tunnel is 0.75 m from the junction with
the right-hand column.

Source: Bunyard
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In Eq. (1) & (2), O, latent heat of evaporation is 40.65 kJ
mol, R, the ideal gas constant, is 8.31 J K-! mol!. The actual
partial pressure of water vapour, p;, in the three numbered
locations in Fig. 1, is given by multiplying the result by the
relative humidity, RH, as measured by the hygrometers.

The air density is obtained through the use of the equation
of state for ideal gases, [8 p.86]:

p=pRT (3)

Where p is the barometric pressure, hectopascals (hPa),
p is the air density in kgm?, R is the ideal gas constant,
JK'mol™" and T is the temperature in Kelvin. Since R varies
with the degree of humidity, Eq. (4), is used with the values
287 J K-'kg™! for dry air and 461 J K-'kg! for water vapour
[8, p.89]:

R = (461¢q) + (1 —q)287 @)

To obtain g, the absolute humidity of water vapour kg per
kg of moist air the following formula is used where 0.621
(18/29) is the ratio of the effective molecular weights of water
vapour and dry air, 8, p.127]:

0.621 Py
- Patmos (5)

Patmos 1 the barometric reading at that moment in time
for the three locations and p,,,, is the partial pressure of water
vapour, as calculated, at the same time of reading. When the
value of ¢ is applied to Eq. (4), it gives the value of R, the
ideal gas constant for moist air, as water vapour is added or
removed. r is the absolute humidity of water vapour in dry
air, hence kg of water vapour per kg of dry air. To obtain r,
Eq. (6), the absolute humidity for moist air, ¢, first needs to
be converted to the absolute humidity for dry air, » [8, p.127]:

q

r = q
1—

(6)

To calculate the specific humidity, # (water vapour in
grams per cubic metre of moist air), the values of g and p (the
air density in kgm) are required, as are the values for R, see
Eq. (4) and 7, as derived from the experimental data.

The air density, p, in kgm™ is obtained Eq. (7), using the
ideal gas equation, see Eq. (3), where the barometric pressure
is given in pascals (Pa):

Pa

e P

0

The humidity, 4, of moist air, in grams per cubic metre
will be obtained, Eq. 8, from the proportion of humidity, ¢,
in a given air density p, as from Eq. (7):

h=qp1000 ®)

Eq. (9) (mass*acceleration) provides the kinetic energy
values (Ws) for changes in the partial pressure of water

4P L . A
vapour, A—ta, and that of change in air density per second, A—’:.
The gravitational constant, g, is taken as 9.81 ms.
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APa

At

]orW.s=9.81%m3 and | = 3 9)
Using Eq. (10), the kinetic energy required in circulating
all the enclosed air (V) in the columns and connecting
tunnels, some 19.5 m?, can be estimated from the average air
density at the time of measurement and from the measured
air velocity. For example, at an average air density, p, of 1.25
kg m3, and a volume ¥ of 20 m?, the total mass of air would
be 25 kg. With a velocity, v, of 0.2 ms™', the kinetic energy
required would be 0.5 W s [2].
W's = 0.5 p Viorai air v? (10)
Transforming Eq. (10) into Eq. (11) provides the means
to convert the kinetic energy (Ws) from the rate of change of
air density and of partial pressure into average airflow
velocity in the entire structure (mass of air approximately 25

kg):

Ws Ws

12.5

2:

v = () =

As Mclllveen [8, p.443] points out, thermo-dynamically,
it is relatively straightforward to calculate the temperature
increase in each kilogram of air as condensation takes place:

(11

P Vtotal air

AT = 1™
Cp

(12)

Where T is Kelvin; L is the latent heat of vaporisation of
water vapour directly to ice, 2.9 MJ kg'!; and C, is the heat
capacity of dry air at constant pressure, 1,000 J kg"'K"".

Mclllveen gives the example of 1 gram of water vapour
condensing into liquid water and shows that it will warm 1
kg of air by 2.5 °C: a substantial amount.

The condensation of water vapour leaves the remaining
air denser, which combined with its expansion into the partial
vacuum from condensation causes the temperature to decline.
The relationship between temperature change and air density
change is as follows [8] p.444:

AT, = 0621 Aq T (13)

Where T, is the virtual temperature of the water vapour;
T is the actual temperature of the air; and ¢ is the specific
humidity of moist air, kg water vapour per kg moist air. For
the condensation of one gram of water vapour in 1 kg of air
at 0 °C, the temperature reduction would be 0.17 °C.

4. The concept of air parcels

In this paper, the term “air parcel” is used to describe the
volume of the layer of air influenced by the cooling elements
as it passes over them (see Fig. 1B). As indicated below,
parcel size is determined by the condensate collected as rain
at the conclusion of each experiment.

In all the experiments, a vertical airflow (upwards or
downwards) was observed within 30 seconds after the
cooling elements were switched on and condensation began
to take place. The question here is how to calculate the
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volume of air as it passes up or down through the cooling
elements during one second? Given that the length of tubing
forming the cooling elements is 17.03 m and the diameter of
the coils is 0.012 m, the surface area of the cooling elements
is 0.642 nv. In order to derive the volume, that surface area
must be multiplied by the effective extension of cooling. By
knowing the total quantity of condensate gathered at the
conclusion of each experiment, the average volume of air that
passes over the cooling elements during each second can be
calculated.

From Eq. (5) (7) & (8), the absolute humidity, ¢, (at 5s
intervals) in kg/kg moist air can be calculated for the air at
the cooling coils and for the air ‘next in line’, as can the air
density, p, kgm™ of moist air, and finally the humidity, 4, in
gm™. By subtracting the humidity, 4, of the air at the cooling
coils from the humidity of the air next in line, the result will
be gm™ of water vapour which will have condensed over the
5s interval between one measurement and the next. By
aggregating the difference in 4 for each measurement over
the entire experiment, the total loss of water vapour to
condensation per second can be calculated as if the cooling
volume were 1 cubic metre in size. That volume, 1 m*, will
exceed by a factor, x, the actual volume size of the parcel
block that is passing over the coils. Therefore, the total
condensate, ¢, as measured from the precipitate, multiplied
by x, will be equal to the aggregate of water vapour
condensed, A, (gm™), the factor, x, being the number of times
the actual block size divides into 1 m>. Since the surface area
of the coils is 0.642 m?, the factor x will be 1/0.642 ef , where
ef is the average effective layer, Eq. 14:

1
0.642 x

ef = (14)

From the data, A, (gm™) can be obtained (Egs. (2)-(9), and
knowing the actual quantity of condensate, ¢, Eq. (15) will
give factor x:

(15)

The effective layer, ef, is found to lie between 0.04 m and
0.08 m for different experiments, the difference being a
consequence of the airflow velocity. Depending on the
experiment, the average parcel volume per second varies
from 0.03 m® to 0.06 m® (Figs. 7, 8). As both Fig. 7, 8 show,
the curve of the aggregated condensation of water vapour
against time follows a near-straight line with an R? of 0.97,
thereby providing justification for Eq. (14)-(15).

5. Results

The widely-accepted assumption is that the movement of
air in condensation of water vapour is invariably an isotropic
process, with the air moving from all directions
simultaneously, preventing any net, uni-directional flow. The
experimental results indicate instead that condensation can be
anisotropic, and can lead to net airflow. Isotropic
condensation is inherently unstable, given the improbability
of equivalent conditions existing in all planes surrounding the
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point of condensation.

In all experiments, once refrigeration was switched on,
airflow became apparent within 30 seconds, through
movement of the gauzes, around the entire 14 m internal
length of the structure.

Figs. 2, 3 show a clockwise airflow, correlated with the
periods of refrigeration and water vapour condensation.

Fig. 4 shows a similar experiment, again with no internal
heating. But on this occasion, the right column was observed
to be 1 °C warmer than the left, and the air had a slight
counter-clockwise flow. When the cooling was switched on
and off, in four cycles, the associated airflows were observed
from the gauzes and anemometer to be counter-clockwise.

The periods of cooling in Fig. 4 correspond to the rise and
fall in the rate of condensation. The times of cooling are on
at345s, 1240 s,2130s, 3010 s and off at 630 s, 1530 s, 2440
s, 3490 s. At approx. 960 s, the airflow shows a short-lived
peak of 0.07 ms™!' which should be compared with the 0.12-
0.14 ms™! longer-lived peak at 1510 s. A doubling of airflow
circulation demands a four-fold increase in kinetic energy;
0.06125 W s compared to 0.245 W s.

Fig. 5, 6 both show the same experiment of 30 January
2016, with the cooling tubes switched on and off periodically,
but with the heating mat on throughout. The flow of air was
counter-clockwise (leftwards in the top tunnel). On account
of directionality at the anemometer oscillating between
around 1° or 360°, the graph shows a series of vertical lines.

6. Experiments verifying air parcel concept

The air parcel concept, described in Methodology,
enables the derivation of the rate of condensation, and the rate
of an increase in air density as a result of the air becoming
simultaneously more dense and cold. The calculation
depends on a parcel of air with an average volume of between
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Figure 2. 6 March 2015. The upper curve, (left-hand axis), with its peaks,
shows airflow speed, and the line a 15-second moving average. The
horizontal curve shows airflow direction. Five cycles of switching
refrigeration on and off, with corresponding peaks in airflow of up to 0.09
ms™'. The airflow was clockwise, at around 180°.

Source: Bunyard
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Figure 3. 6 March 2015. The upper curve shows the rate of change of the partial
pressure of water vapour (ppwv) at the cooling coils, converted to Watt.seconds
(lef/hand axis). As before, the jagged curve shows airflow speed as a 10-second
moving average. Because of low external temperatures, the compressor thermostat
automatically switched the refrigeration on and off. The profile of the rate of decrease
in ppwv shows peaks corresponding with peaks in the clockwise airflow ms™.
Source: Bunyard

19 April 2016
8 0.12
2 L =
Z 6 \ IJL l 0.1 %
: | \ l 008 2
i \/ - 006 B
s 2 | | -
2 - 0.04
=}
© 0 1 0.02
2 0
0 2000 4000
Time, seconds
19 April 2016
0.12 | ‘ g
P ! L 111 - 330 §
E . T =
I ] g
£ 0.08 i ‘\ 270 B
= ! =
£ 0.06 : i <
< M " L4 , 210
0.04 AL 1 v" y ?
0.02 AN W W VM\MM‘ 150 g
o | V \‘ Al 172}
0 90
0 1000 2000 3000 4000
Time seconds

Figure 4. 19 April 2016. The upper graph and upper curve shows the rate of change
of the partial pressure of water vapour (ppwv) at the cooling coils, converted to Watt
seconds; the jagged curve shows airflow speed, as a 12-second moving average.
Airflow was observed to be upwards over the cooling coils and therefore counter-
clockwise. Airflow peaks were associated with the peaks of the partial pressure
change (Ws). No artificial heating was applied, yet the tendency throughout was for
the air in the right column to move upwards (approx. 0.02 ms™). The lower curve
shows the airflow and directionality, in this case counter-clockwise. The airflow peaks
correlate with counter-clockwise directional flow (circa 10 and 350°).

Source: Bunyard

0.03 m*s™! and 0.05 m® s7, as calculated and contingent on the
individual experiment; see Eq. (14) (15). Fig. 7, showing
accumulated condensate, is obtained using the factor x to convert
the aggregated total of hy from 1 m® down to the volume size of
the parcel of air, namely 0.05 m? s!. Experiments with airflow of
0.1 ms” or less, (Fig. 7) tend towards the smaller parcel size of
0.03 m* s’!; experiments with airflow of 0.2 ms™! tend towards the
higher virtual parcel size of 0.06 m* s, as shown in Fig. 8.

7. Latent heat

The widespread scientific assumption is that the movement of
air is isotropic, with cancellation of any net flow. The experiments
indicate that condensation can be anisotropic, triggering a net, uni-
directional flow. But the potential role of latent heat in air
circulation nevertheless needs exploring. In the experiment shown
in Fig. 9 of 30/01/2016, when the refrigeration was switched

30 January 2016
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Figure 5. 30 January 2016. The black curve shows airflow speed as a 12-second
moving average speed and the vertical, grey lines the direction of airflow. With the
heating-mat on, four S-minute cycles of refrigeration were carried out, with 10
minutes between each with the refrigeration switched off. Counter-clockwise
airflow increased during the periods of cooling and subsided during the periods
between. The directionality shows fluctuation between 10° and 350°.

Source: Bunyard
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Figure 6. 30 January 2016 (same experiment as Fig. 5). The vertical, grey lines
shows airflow speed, and the black curve a 12-second moving average. With the
heating-mat switched on throughout, four cycles of refrigeration lasting 5 minutes
each were carried out, with 10 minutes between each when the refrigeration was
switched off. Counter-clockwise airflow increased during the periods of cooling
and subsided during the periods between. The directionality as seen in Fig. 5 has
been removed. However, the vertical lines of the airflow can be compared and
matched with the directionality lines of Fig. 5.

Source: Bunyard
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on, the air temperature at the cooling coils was immediately
reduced, indicating that the latent heat released by water vapour
condensation was wholly absorbed by the cooling tubes.
Moreover, as refrigeration continued, with the temperature
dropping so as to increase the rate of condensation, the associated
increase in latent heat released per second did not show up as a
levelling off of the temperature decline. Latent heat release thus
cannot account for the upwards flow as shown in Fig. 4-6. Indeed,
were it to be available for work, it would counter the downwards
flow as in Fig. 2, 3, 7. The potential energy driving airflow in the
condensation model must therefore come not from latent heat, but
from partial pressure change. It is important to convert Eq. (13) to
Ws through dividing by C,,, the heat capacity of dry air at constant
pressure, namely 1,000 J kg'K-!.

Fig. 11 shows a significant correlation and regression (R?
= 0.9074, p value <0.001) between airflow and the inverse
pressure change from condensation. This is again consistent
with the condensation model as an explanation of airflow.
Finally, experiments with the anemometer placed more than
2 m away from the cooling coils and in the centre of cross-
sectional area of the upper tunnel indicate that airflow is not
limited to a thin stream but encompasses at least one third, if
not all, the internal space of the structure. One experiment,
Fig. 10, of 15 July 2016, is shown with clockwise circulation.
The initial pre-refrigeration airflow is clockwise, amounting
to approx. 0.05 ms™!. Within 30 seconds of the refrigeration
being switched on, the airflow, clockwise, has jumped to 0.16
ms™' and the rate of condensation from 0 to 7.8 W s.

8. Discussion

This paper is the result of more than 50 experiments,
carried out between 2014 and 2017, held under different
internal atmospheric conditions and analysed using
conventional physics. The kinetic energy contributions from
the partial pressure change in water vapour during
condensation and from the air density change at the cooling
coils are displayed in Table 1 for 50 different experiments.
The cross-sectional area encompassed by each layer of the
cooling coils is one third the cross-sectional area of the
column. Therefore, the kinetic energy to move one third of
the total volume of air contained in the structure is calculated
on the basis of the anemometer reading. The direction of
airflow, whether clockwise or counter-clockwise, is always
consistent with anisotropic condensation. As Table 1 shows,
the potential energy from partial pressure change is more than
adequate to account for the kinetic energy of observed
airflows, while the potential energy from cooling the same
portion of air and accounting for density change, in general,
falls short by a factor of 10 or more. Furthermore, the air
density change per second shows no correspondence with the
peak air velocity, thus indicating it cannot be responsible for
the airflow, whether clockwise or anti-clockwise.

In the experiment of 15/07/2016, with the anemometer
more than 2 metres away from the cooling elements,
significant airflow is detected throughout. Judiciously placed
web-cams focussed on hanging gauzes, indicate that the
change in the partial pressure of water vapour during the
cooling cycles is sufficient to bring about convection
throughout the entire structure, Fig. 10.
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Figure 7. 25 July 2015. In the upper graph the upper curve shows airflow
speed, as a 15-second moving average, and the horizontal curve shows
airflow direction, in this experiment, clockwise. In the lower graph, the left-
hand axis shows the dynamics of the rate of condensation in grams and the
right-hand axis, with the dotted curve, shows its accumulation. Refrigeration
was switched on at 350 seconds and off at 2250 seconds. The quantity
collected and weighed from the rain trough was 32 g, which, when applied
to give the average parcel size of the air undergoing refrigeration (0.06 m®)
through using Eq. (14) (15) resulted in an accumulated condensation of 32 g
(see Concept of Air Parcel). The slope of the accumulated condensate during
the refrigeration has an R? of 0.97.

Source: Bunyard

Neither air density changes nor latent heat release,
whether the flow is clockwise or counter-clockwise, can
explain the enhanced airflow as observed in all experiments
undertaken [2]. Eq. (13) conforms to the kinetic energy
required to account for the rate of change in the partial
pressure of water vapour. That kinetic energy required by the
air surrounding the locus of condensation is considerably
more than that required to generate airflow around the
structure (approx. 20 cubic metres of air), the assumption
being that some is taken up in isotropic condensation and the
remainder in anisotropic condensation, with sufficient power
to overcome friction and turbulence. The positioning of the
gauzes, with observation of their movement, and the
anemometer, indicate that a convection cycle is generated.

Eq. (13) is critical in terms of explaining how the negative
energy of partial pressure reduction transforms into a temperature
change (negative) which, when multiplied by C,, the heat
capacity of dry air, some 1000 J K kg, gives the Joules
equivalent calculated for the change per second in the
condensation rate (Pa converted into Ws).

Interpreting the experimental results in terms of the
atmosphere at large requires caution, but they do suggest that they
might apply where intense condensation occurs, especially in and
above closed-canopy moist forest, in the tropics year-round and
in temperate zones in summer. Eq. (13), being fundamental to the
physics of ideal gases, will inevitably apply in the atmosphere at
large as it clearly does in the experiments.
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Table 1
KE characteristics of experimental data.
Date of Peak Direction Peak Peak air Kinetic
experiment air, airflow: partial density energy
ms! anti- pressure change for one-
clockwise change Ws third
(AC); Ws total
clockwise volume
© of air,
Ws
02/07/2015  0.08 AC 5.1 0.0041 0.026
06/03/2015  0.09 C 42 0.0032 0.033
08/02/2015 0.1 C 53 0.0016 0.04
26/05/2016 0.1 C 9.24 0.0078 0.04
14/10/2016 0.1 C 4.7 0.0038 0.04
25/07/2015  0.11 C 7.6 0.0054 0.05
01/07/2017  0.11 AC 9 0.007 0.05
26/04/2017  0.11 AC 5 0.006 0.05
11/04/2017  0.12 AC 4.2 0.0048 0.06
03/05/2016  0.12 AC 9.2 0.0068 0.06
08/05/2017  0.13 AC 4.7 0.005 0.07
13/10/2016  0.13 C 6 0.0037 0.07
19/04/2016  0.14 AC 6 0.005 0.08
01/04/2015 0.14 C 5.53 0.0047 0.08
01/12/2015  0.14 C 4.07 0.00207 0.093
31/10/2016  0.14 C 6 0.0037 0.093
07/04/2017  0.15 AC 2.2 0.0021 0.09
30/04/2016  0.15 AC 6.9 0.006 0.09
27/06/2017  0.16 C 7 0.005 0.11
14/07/2016  0.16 C 7.8 0.006 0.11
27/04/2017  0.16 AC 4 0.0063 0.11
28/02/2017  0.16 AC 5 0.004 0.11
24/01/2017  0.16 AC 7.46 0.0026 0.11
19/01/2017  0.16 AC 7.25 0.00316 0.11
09/06/2016  0.16 C 9.8 0.00725 0.11
08/10/2015  0.16 C 8.17 0.0065 0.11
15/10/2015  0.16 C 2.5 0.00019 0.11
01/07/2014  0.17 AC 7.7 0.006 0.12
15/09/2014  0.17 C 8 0.004 0.12
25/01/2017  0.17 AC 7.2 0.0064 0.12
27/03/2017  0.18 AC 6.8 0.0042 0.133
04/03/2017  0.18 AC 6.9 0.0051 0.133
09/02/2017  0.18 AC 4.5 0.004 0.133
13/01/2017  0.18 C 5.75 0.0033 0.133
03/03/2015  0.18 C 3.6 0.0128 0.133
04/08/2015  0.18 C 7.2 0.0056 0.133
19/11/2015  0.18 C 3.36 0.0023 0.133
03/12/2015  0.18 C 6 0.0041 0.133
20/01/2017  0.19 AC 4.5 0.0034 0.148
20/11/2015  0.19 C 3.57 0.00455 0.148
17/09/2015  0.19 C 3.52 0.0054 0.148
01/12/2016 0.2 AC 4 0.004 0.165
30/01/2016 0.2 AC 4.5 0.00037 0.165
01/05/2017 0.2 C 4.6 0.0036 0.165
27/06/2016 0.2 C 6.4 0.0023 0.165
23/02/2017  0.21 AC 6.5 0.0048 0.18
04/10/2014  0.22 C 3.1 0.0046 0.2
06/08/2015  0.22 C 7.2 0.0044 0.2
22/09/2015  0.22 C 6.8 0.0049 0.2
16/09/2015  0.22 C 3.6 0.0066 0.2
01/01/2016  0.23 AC 10 0.0064 0.22

Source: Bunyard

The conventional point of view is that the kinetic energy
for convection derives from the general principle that hot air
rises and cold air sinks. However, as Makarieva et al. [9]
point out, when hot air rises in the lower atmosphere it cools
because of expansion and when the same, but now cooler, air
sinks it heats up, such that the overall gain or loss in kinetic
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Fig.8. 27 June 2016. The upper graph shows the airflow over 4 refrigeration
cycles (jagged black) and the partial pressure change in water vapour (upper
curve, W s). The lower graph shows the change in humidity (peaked upper
curve, g) and the aggregated accumulation of water vapour (dashed) through
using Eq. (14) (15) and a volume size for the air parcel of 0.06 m®. The slope
of the accumulated condensate during refrigeration has an R’ of 0.97.
Source: Bunyard

energy is zero. The same cooling and heating happens when
air expands and forces air elsewhere to compress; there is no
net energy gain to do work. In other words, a strict
application of the first law of thermodynamics to the
atmosphere would yield a rate of kinetic energy generation
equal to zero. In that respect, the buoyancy from latent heat
release will be counteracted by cold air from above sinking,
thus generating a hydrodynamic equilibrium.

According to the BPT [1] [3]), rainforests, year-round in
the equatorial tropics and during the summer in boreal
regions, feed the lower atmosphere with water vapour, up to
3 per cent of atmospheric pressure, and thereby provide the
source material for cloud condensation. The depletion of
water vapour and the resulting rarefaction of the local
atmosphere in the locality of condensation cause convection
over the forest, according to the BPT. From that point of
view, it is the hydrological cycle, including water
evaporation and condensation, which drives convection and
therefore the circulation of the air masses. That is in sharp
contrast to the orthodox view of convection and air mass
circulation, which argues that the movement of the air mass
drives the hydrological cycle through latitudinal differences
in temperature, helped on by the buoyancy generated as a
result of the release of latent heat [8 p. 444].
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Figure 9. 30 January 2016 (same experiment as in Figs. 5, 6). The solid black curve
shows temperature at the cooling coils, the dotted curve the temperature in the mid
right-hand column below the cooling coils, and the punctuated curve the temperature
in the lower left-hand column. The heating mat was on throughout four successive
refrigeration cycles, with the on and off times shown by vertical arrows. The
temperature decline on refrigeration indicates that the latent heat was annulled and
could not be the cause of the enhanced upwards air circulation shown in Fig. 5, 6.
Source: Bunyard
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Figure 10. 15 July 2016. In this experiment showing clockwise flow, the
anemometer is placed >2m away from the cooling elements. The initial sharp
peak in airflow at 370 s (jagged curve) is matched by a sharp rise in the
condensation rate of 7.7 W s (solid curve).

Source: Bunyard

The proposition that a high rate of evapotranspiration
from forested regions is a prime mover of major air mass
convection remains contentious. Meesters et al. [10] rejected
the BPT on the grounds that the ascending air motions
induced by the evaporative/condensation force would rapidly
restore hydrostatic equilibrium and thereby become
extinguished. In reply Makarieva et al. [11] pointed out that
condensation removed water vapour molecules from the gas
phase and reduced the weight of the air column. That removal
must disturb hydrostatic equilibrium and make air circulate
under the action of the evaporation/condensation force.

In effect, the BPT states that the major physical cause of
moisture fluxes is not the non-uniformity of atmospheric and
surface heating, but that water vapour is invariably upward-
directed as a result of the rarefaction of air from condensation [1].
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Figure 11. [ July 2014. In the upper graph the jagged grey curve shows
airflow speed and the black solid curve the inverse rate of change in ppwv.
The clockwise airflow (right axis) shows a close correspondence to the
condensation rate (left axis). The lower graph shows the significant
correlation (R? = 0.91, p value <0.001, Pearson’s Coefficient 0.92) between
airflow and partial pressure change.

Source: Bunyard

Evidence in favour of the BPT has come from a number of
different sources. Makarieva et al. [1] refer to data showing that
precipitation over river basins which are covered in forest
remains as high in the deep interior of the continent as at the coast,
whereas river basins without forest show an exponential decline
in rainfall as one passes from the coast inland. Spracklen et al.
[12] have shown from their recent pan-tropical study of rainfall
and land-cover, as indicated by the leaf area index (LAI), that
satellite-derived rainfall measurements are positively correlated
with the degree to which model-derived air trajectories have been
exposed to forest cover.

Poveda et al. [5] [6] provide evidence that when the low
level jet streams pass over forested regions precipitation
levels stay high and constant, whereas over regions which
lack forest, precipitation levels decline exponentially, just as
the BPT suggests should happen. Poveda and his colleagues
look at the low level Choco jet and comment that the change
in direction of the Pacific Austral Trade Winds from
Easterlies to Westerlies just over the Equator at 4° N, may
owe their abrupt switch to the unsurpassed degree of
evapotranspiration and subsequent condensation over the
Choco in Colombia.
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With more than 380,000 cubic metres per second of water
vapour brought in from the Tropical Atlantic Ocean, the
Amazon Basin functions on a far grander scale than the
Choco [13]. It would appear that evapotranspiration rates are
sufficiently high over the rainforest to increase the volume of
the Amazonian atmospheric river in the form of the South
American Low Level Jet Stream as it approaches the western
reaches of the Amazon Basin and is then deflected both
upwards and southwards on encountering the Andes [14].

By focussing on temperature change rather than the
pressure change when condensation occurs in the
atmosphere, the latent heat release and subsequent air
warming is deemed to more than compensate for the small
reduction in temperature from the air expanding into the
partial vacuum, Eq. (12) (13). However, the BPT takes into
account the rarefaction of the atmosphere and the pressure
change as water vapour condenses.

Moreover, in the experimental set-up latent heat release
is eliminated by means of refrigeration and yet airflow
against gravitational constraints is measurably enhanced as
seen in Table 1 (AC) and from Fig. 4 & 5. That finding leaves
partial pressure change from condensation as an important
candidate for causing airflow and it raises fundamental
questions concerning the supposed isotropy of airflow to the
locus of condensing water vapour.

This paper describes an attempt to study the physics in a
laboratory setting. The results have been significant and
unambiguous. At the laboratory scale, using conventional
physics such as is employed in climatological studies, the
primary force driving convection appears to be the kinetic
energy of imploding air as water vapour condenses, with a
sudden reduction - >1200-fold - in the air volume of one
gram-molecule of water vapour (18 g) as it transforms to
liquid and ice. Hence, as air expands into the partial vacuum
resulting from the condensation of water vapour it takes up
heat from its surroundings which, together with the release of
latent heat and the virtual warming of air, maintain the
conservation of energy. Furthermore, because of physical
differences above and below the refrigerated cooling coils,
the process of eliminating the partial vacuum is anisotropic
with the net result that condensation leads directly to uni-
directional airflow.

9. Conclusions

The experiments described in this study, including those
shown in Table 1, indicate that air density changes around the
cooling coils are insufficient by more than an order of
magnitude to bring about the observed airflows, and that
more than sufficient potential energy, bound up in the partial
pressure changes of condensation, is available to account for
those same airflows. In the experimental set-up at least, both
latent heat release and air density changes from the
refrigeration can be ruled out as the cause of the consistent
uni-directional net airflows. Anisotropic airflow to the locus
of condensation remains the only candidate, in contrast to the
accepted dogma that isotropic condensation is the norm and
for which there is no evidence. In effect, the trigger for such
directed airflows derives from distinct edge conditions in the
vertical plane, above and below the area of condensation.

The laboratory  demonstration of  anisotropic
condensation in causing enhanced air mass convection has
implications for climate modelers who may have neglected
this physical phenomenon in generating their climate
algorithms. Many climate models may need revision. And it
would strongly suggest that the great forests of the world play
a fundamental role in air mass circulation through providing
water vapour via evapotranspiration, and in bringing rain to
the deep interior of continents [15] [16].
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