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SCIENTIFIC REPLIRTS

Intermediate tree cover can
maximize groundwater recharge in
the seasonally dry tropics
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Water scarcity contributes to the poverty of around one-third of the world’s people. Despite many
benefits, tree planting in dry regions is often discouraged by concerns that trees reduce water
availability. Yet relevant studies from the tropics are scarce, and the impacts of intermediate
tree cover remain unexplored. We developed and tested an optimum tree cover theory in which
groundwater recharge is maximized at an intermediate tree density. Below this optimal tree density
the benefits from any additional trees on water percolation exceed their extra water use, leading to
increased groundwater recharge, while above the optimum the opposite occurs. Our results, based
on groundwater budgets calibrated with measurements of drainage and transpiration in a cultivated
woodland in West Africa, demonstrate that groundwater recharge was maximised at intermediate tree
densities. In contrast to the prevailing view, we therefore find that moderate tree cover can increase
groundwater recharge, and that tree planting and various tree management options can improve
groundwater resources. We evaluate the necessary conditions for these results to hold and suggest
that they are likely to be common in the seasonally dry tropics, offering potential for widespread tree
establishment and increased benefits for hundreds of millions of people.

Two-thirds of the world’s population may live in water-limited regions by 2025'. In Africa about 340 million peo-
ple already lack access to adequate and hygienic sources of water, such as groundwater?. Limited water constrains
food production, nutrition, and health as well as impacting opportunities for education, work, and improved
livelihoods. Reliable access to clean water is essential for achieving the UN Sustainable Development Goals.

Forests have often been described as ‘sponges’ storing rain water and slowly releasing it to maintain ground-
water and streams during dry periods®=°. Formerly, this sponge theory and related ideas motivated policies aimed
at conserving and restoring forests®”’. In recent decades, however, these ideas have lost credibility as studies
show that forest clearance generally leads to increased and afforestation to reduced water yields>®®. Therefore
a contrasting trade-off theory—in which more trees means less water-has become the dominant paradigm. This
trade-off theory predicts that as tree densities increase, water losses from transpiration and interception dominate
their hydrological effects®*°.

In the tropics the trade-off theory rests on limited evidence. The few available studies compare extremes: open
land versus closed forest, or grasslands versus dense plantations'’. Despite the recognition that trees can improve
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Figure 1. Conceptual water budget of the optimum tree cover theory. Optimum groundwater recharge
occurs at intermediate tree cover in seasonally dry tropical areas. Without trees, surface runoff and soil
evaporation are high, leading to low groundwater recharge despite low transpiration. In closed productive
forests, despite low surface runoft and soil evaporation, total transpiration and interception are high, again
leading to low groundwater recharge. At an intermediate canopy cover, low surface runoff and evaporation as
well as intermediate transpiration optimize groundwater recharge. The pan-sharpened satellite images were
created from a WorldView-2 image from 21 October 2012 using ERDAS Imagine 2013 software (http://www.
hexagongeospatial.com/products/producer-suite/erdas-imagine).

soil hydraulic conductivity and reduce overland water flow*!>!%, and other findings that question the generality
of the trade-off theory'*~'°, we find no available data on the relationship between tree cover and water yields
at intermediate tree densities, and few data concerning the specific mechanisms that determine groundwater
reserves and dry season stream flows'"!>!7. The neglect of intermediate tree cover is a striking omission given
the importance of such open vegetation in terms of extent and biodiversity'®, and the fact that it supports many
of the world’s poorest people. In Africa, there are 350 Mha of open and fragmented forests and 514 Mha of other
wooded lands (including savannah, agroforests etc.)’~more than the area under closed forest and plantations
(277 and 8 Mha, respectively). Such open vegetation also plays a major role in the global carbon balance; regions
with 10 to 30% tree canopy cover are estimated to store 23% of the total forest biomass carbon stock (above- and
belowground) in sub Saharan Africa and 15% of the total forest carbon stocks for the global tropics®. Tree plant-
ing is, or would be, a major element in many climate mitigation projects, in efforts to combat desertification, and
in livelihood focused development proposals seeking to improve access to firewood and other products. But the
trade-off theory has reduced the application of such planting projects due to concerns that these efforts would
jeopardize scarce water resources®$-10-2122,

Here we present and test an optimum tree cover theory for groundwater recharge that can reconcile the avail-
able scientific evidence and contrasting perceptions about forests and groundwater in the seasonally dry tropics
(Fig. 1). We hypothesized that under conditions typical of the seasonally dry tropics an intermediate tree cover
maximizes groundwater recharge. Below this optimum cover, the hydrological benefits gained from more trees
outweigh their extra water use, while at higher values of tree cover the water use from additional trees exceeds any
positive effect they might have on groundwater recharge (Fig. 1). We recognize that the tree cover value where this
optimum occurs depends on various factors including tree species, local soil and climatic conditions. But before
considering these influences we needed to evaluate our theory. We chose a common African semi-arid landscape
known as “agroforestry parkland” where water shortage is a recognised livelihood constraint®. Parklands, in
which annual crops are grown under scattered trees, constitute the most extensive farming system in semi-arid
West Africa®. Indeed, about 1.9 million km? (47%) of the total agricultural land in Sub-Saharan Africa has a tree
cover above 10%**. We want to know how such intermediate tree cover influences groundwater recharge.

Results

Our results confirm that groundwater recharge can be maximized at a specific, non-zero, tree cover. We used field
measurements of subsurface drainage and tree transpiration to model groundwater recharge in a water budget
model related to tree cover and its spatial distribution (see Methods section). Field data from wick lysimeters
revealed that the percentage of the yearly rainfall percolating to 1.5 m soil depth reached its maximum of 16% of
the annual rainfall around the edge of the tree canopy, 4.4 m from the nearest tree stem, and decreased to 1.3%
in open areas, 37 m away from the nearest tree (Fig. 2). This decrease in drainage with increasing distance from
the canopy edge followed a linear relationship (y = 18.1 — 0.46x(SE 0.12); where y is the drainage at 1.5m soil
depth and x the distance to the nearest tree stem; 12, = 0.69; p=0.013). For distances beyond 37 m we assumed
that the drainage was 1.3%, which corresponds to the lowest observed value. Therefore, less water is available for
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Figure 2. Relationship between accumulated water drainage at 1.5 m soil depth and distance to nearest
tree. Accumulated drainage in open areas decreases with the distance from canopy edges in an agroforestry
parkland, Burkina Faso. The lines show the relationship used for spatial simulations which was fitted by least
squares regression to the 2009 data (see Methods section for details). The red solid line depicts the linear
relationship found in the open areas (y = 18.1 — 0.46x; 1*,4;= 0.69, p = 0.013), while the red dotted line depicts
the exponential relationship found under the tree canopy (y = 4.3 1078 e*°%; Lack of Fit test indicated a suitable
model; p=0.983). The dashed line is the constant value for the accumulated drainage corresponding to 1.3% of
the annual rainfall assumed for the distance range above 37 m. The number of observations was 18, 22 and 25 in
2008, 2009 and 2010, respectively. In 2008, 2009 and 2010 the rainfall during the sampling period represented
85,99 and 60% of the annual rainfall, respectively.
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Figure 3. Spatial simulations of groundwater recharge in relation to tree density and canopy cover. The
simulations are based on sap flow measurements and on the observed relationship between drainage below
1.5m soil depth in 2009 and distance to the nearest tree in an agroforestry parkland, Burkina Faso. For each
tree density the averages and standard deviations resulting from 100 simulations with random locations of trees
on a 1 ha area are shown. The effect of the proportion (0%, 25%, 50%, 75%, 100%) of tree water uptake below
1.5m is demonstrated by the different colored lines. Average tree size (67 m? canopy area) is assumed for all the
simulations.

groundwater recharge in locations further from any tree and resulting in negligible groundwater recharge when
trees are absent.

We remain uncertain concerning the depth from which trees access soil water, and how such water use pat-
terns vary in space when there are multiple trees present: to address these unknowns we modelled groundwater
recharge using different scenarios. The results show that in the scenario where 50% of tree water use occurs
deeper than 1.5m in the soil, recharge increases from 9 to 20 mm year ! when tree density increases from zero to
just one tree ha™! and reaches 47 mm year™! at 10 trees ha™! (Fig. 3). Even if all transpired water was drawn from
deeper than 1.5m an optimum recharge of 30 mm year ™!, a value three-times the treeless scenario, occurs at 5-10
trees ha~! density. Beyond the optimum tree cover, recharge decreased but remained higher than in scenarios
without trees by up to 10 and 20% canopy cover in the 100% and 50% uptake scenarios, respectively. While the
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Figure 4. Scatter plot of the date when the first water was collected at each lysimeter versus the distance

to the nearest tree (for 2009). The pink and blue circles show lysimeters located under tree canopies and in
open areas respectively. The size of the circles is proportional to the yearly accumulated water drainage at 1.5m
soil depth. The solid line shows the linear relationship found in the open areas (y = 194.2 + 1.2x, r?,4; = 0.40,
p=0.075).

choice of scenarios influenced the values of the optimum tree cover, none questioned the more general conclusion
that such an optimum cover existed (more than 0% and less than 100%).

Our measurements show that in the open areas, there was a significant relationship between the yearly accu-
mulated drainage at 1.5m soil depth and the date in which the lysimeters recorded the first water following the
beginning of the rainy season (y = 73.5 — 0.3x(SE 0.06); where y is the drainage at 1.5m soil depth and x the date
to get the first draining water; rzadj = 0.81; p=0.004), while under trees there was no trend. Moreover, in the
open areas, the date at which the first draining water was recorded was positively related to the distance to the
nearest tree (y = 194.2 + 1.2x(SE 0.52); where y is the date to get the first draining water at 1.5m soil depth and x
is the distance to the nearest tree stem; rzadj = 0.40; p=0.075), with open areas closest to trees receiving the first
draining water about 30 days earlier on average than those located furthest away from trees (Fig. 4). In summary,
open areas close to trees not only had a higher yearly accumulated drainage at 1.5 m soil depth compared to those
further away from trees, but they received the first wet season water earlier.

Discussion

How can we explain these results? Soil infiltration is improved by trees through litter inputs and roots, promoting
higher activity of soil animals. This results in increased soil hydraulic conductivity due to enhanced organic mat-
ter content, topsoil aggregation and macro porosity?>?°. The likely cause for the observed difference in amounts
and time of water to reach deep soils, as indicated by a previous study in the same area, is that there is not only
less water infiltrating in areas far from canopy edges, but water also percolates through the soil more slowly
because of fewer macro pores?”. Open areas are also more exposed to sunshine and heat and thus to losses from
evaporation. For example, §'30 values in topsoil water in a Faidherbia albida parkland in Burkina Faso have been
shown to be greater in open areas rather than closer to trees, indicating that evaporation is reduced near to tree
cover?. The net effect is that rain water falling near to any tree is more likely to percolate to the subsoil than is
rain falling further away, which is more likely to evaporate. In our study area, the depth of the water table is well
below 2 m during most of the year including the rainy season. Therefore, capillary rise was not considered. If, in
other sites where the water table was closer to the ground surface, capillary rise did occur, the resulting rate of loss
to evaporation would be lower closer to trees, where there is more macroporosity and less evaporation than in
more open areas. Thus, our conclusions about the benefits of tree cover are likely to apply to such cases too. While
tree cover improves drainage in the zone outside the canopy, no percolation was detected under the canopy-pre-
sumably due to interception and transpiration. Tree canopies may also redistribute rainfall through canopy drip
at the outer edge of the canopy, which would also explain the increase in water drainage in the area beneath the
canopy edge. The influence of this on the overall drainage patters observed beyond the canopy edge is likely to be
relatively minor because, if soil infiltration properties were homogeneous, any such larger scale influence would
be symmetrical.

Given the importance of improved water reserves and the various livelihood and environmental benefits that
may be gained from greater tree cover, it will be crucial to replicate our results and characterise their applicability
to other sites and regions. We are optimistic that optimal recharge will occur at intermediate tree densities over
large areas. This optimism is based on consideration of a requirement of our model. The gains from improved
infiltration and reduced soil evaporation due to an individual tree must surpass the water used by that tree. When
rain intensity exceeds soil infiltrability overland flow occurs and improved infiltrability can increase groundwater
recharge. Rain in the seasonally dry tropics is often intense—-in the Sahel half of the total annual rainfall amount
falls at intensities above 20 to 50 mm h™! ?**°- while soil infiltrability without trees is typically lower®-*. The result
is that overland flow is common in much of the seasonally dry tropics®. The soil in our study site is an Alfisol:
these soils are characterized by unstable aggregation, sensitivity to crusting and low infiltrability—characteristics
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which encourage overland flow*. Alfisols comprise some seven million km? in the semi-arid tropics®, while
related soil types with similar physical constraints cover another eight million km?**>. Combining these figures
suggests that without trees overland flows would be commonplace over at least 71% of the semi-arid tropics.

We know less about the net hydraulic benefits due to individual trees. In our study area median infiltrability
values increased from below 10 mm h™! to 40 mm h™! in open areas among trees and under trees respectively?’.
Under a natural forest about 130 km from our study area and within the same climatic zone, infiltrability values
are generally higher than those under trees in our more modified parkland system®. A recent meta-analysis of
soil infiltrability changes due to tree planting in afforestation and agroforestry experiments found 15 relevant
cases involving a total of 10 different species (with age from 1 to 12 years). Of these 11 involved Alfisols and 4
Ultisols. All plantings resulted in increased infiltration ranging from 1.6 to 9 times improvement (with the lowest
values for the youngest plantings)*. We know that the positive effects of trees on soil infiltrabilty occur across a
wide range of conditions, such as with and without tillage?”*>.

We note that the tree species in our study have comparably high water consumption. This suggests that, as long
as gains in soil hydraulic properties are similar among species water use versus gains in soil hydraulic properties
will be conservative compared to many other tree species in the seasonally dry tropics (see Supplementary Fig. S1
for a comparison of daily water use with other semi-arid trees).

Naturally patterned (i.e. clumped and banded) tree cover is widespread across arid and semi-arid regions of
the tropics®. Ecologists have sought an explanation for the formation of such patterns. Our study, like various
others, indicates that trees exert spatially distinct positive and negative influences on soil water availability and
hydraulic properties (see also***). The main positive influence of trees on the soil water budget is via soil infil-
trability. Local differences in infiltrabilty can lead to the redistribution of surface runoff to areas under trees, as
observed in other dryland vegetation systems*. Runoff and runon processes can in turn increase net water stored
in the soil close to trees, reinforcing vegetation growth and establishment®. The different scales of the positive
and negative feedbacks between plant density, soil infiltrability and water use has been suggested as a mechanism
explaining banded and clumped vegetation patterns in many semi-arid areas***!. We speculate that the distinct
positive and negative spatial factors determine the tree patterns found in many natural savannas®”**- while such
patterns require further evaluation they also suggest that the necessary hydrological influences including the
improved groundwater recharge near to trees are widespread phenomena.

We acknowledge that in specific circumstances benefits from trees may be reduced or absent. In some regions
rain intensities may remain too low or soils too porous for overland flow to occur. In these cases, the overall
effect of increased tree cover on groundwater recharge will primarily be determined by the balance between their
increased water use and their effect on reducing soil evaporation, and therefore the resulting impact will likely be
small or negative. For example, 1% of the semi-arid regions occur over porous soils on volcanic bedrock that have
such high inherent infiltration capacities that rates exceed typical rain intensities so that run-off is negligible*>:
in such contexts even scattered trees are unlikely to improve groundwater recharge. Also, there may be circum-
stances when rainfall amount or intensity is too low for trees to make much difference. Trees may not improve
groundwater recharge where removal of litter, grazing and fuelwood harvesting prevent the inputs of organic
material required to improve soil infiltration®.

Our conceptual model implies that the optimum tree cover for groundwater recharge will be influenced by
many factors including several under management control. Tree spatial distribution, for example, can have an
important impact as shown by the results from our model for a regular spaced distribution (Supplementary Fig.
S2). At the optimum canopy cover the simulations with the largest tree to tree distance achieved 35% higher
groundwater recharge than the average random distribution. Therefore, a relatively regular well-spaced tree
distribution may be preferable to a random or aggregated one. Tree size, age and species that affect transpira-
tion will also have an influence. We explored the effect of tree size based on tree size transpiration relationship.
The groundwater recharge at optimum tree cover increased from 36 to 55 mm when average canopy area for
an individual tree was reduced from 130 to 40 m? (Supplementary Fig. S3). Though larger trees yielded a lower
optimum than smaller trees, it was less sharply peaked leading to a greater beneficial influence of trees at higher
total canopy cover. In our study area the dominant tree species was capable of maintaining high transpiration
levels through the dry season. Trees with different water-use strategies—for example deciduous species, which
shed their leaves during the dry season-may provide further enhancement in groundwater recharge. Many other
plant characteristics including those related to root architecture, shade and litter are also likely to be influential.
Further study is required to clarify improvements through the selection of tree species and varieties. We also see
opportunities for assessing and defining the influence of tree densities and configurations, and of tree thinning
and pruning. In our study area, and elsewhere in Africa, crown pruning is common and is estimated to decrease
water losses from transpiration by over 75%*. A rough estimate suggests that such pruning could mean that tree
cover remains positive for groundwater recharge up to as many as 60 trees ha™! instead of 16 trees ha™! (40 and
11% canopy cover before pruning) even under the conservative assumption that all water used by trees comes
from below 1.5 m. Benefits in groundwater recharge may also be achieved through management of livestock
grazing. While high stocking rates will typically lead to reduced soil infiltrability as a result of soil compaction,
reduced vegetation cover and reduced topsoil organic matter, there may be cases where some grazing can improve
soil infiltrability due to manure inputs and soil crust fragmentation®#>#, In addition to the different manage-
ment scenarios, we also considered various other assumptions and potential sources of error (see Supplementary
Discussion for details). None undermine our main conclusion, i.e., that optimal groundwater recharge will often
result from intermediate tree cover.

In our site in Burkina Faso, with annual rainfall ranging from 570 to 1180 mm, the differences in ground-
water recharge indicated by our simulations (30-80 mm year™!) are substantial being 2-14% of the total gross
water input. Further improvements are possible through management choices. Differences of these magnitudes
can translate into improved water availability and agriculture production for millions of people in water limited
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Figure 5. Saponé study area, Burkina Faso, and installations. (a) Overview of the landscape from an elevated
position. (b) Overland water flow during rainfall among the Shea trees (Vitellaria paradoxa) in the cultivated
landscape. (c) Soil pits (see rectangular structures) under the canopy of a Shea tree (behind) and in the centre of
an open area (front). (d) Lysimeter instalations on opposite sides of a soil pit at 1.5m soil depth. One lysimeter
was located towards the tree 1 to 2 m from the trunk; the second on the far side at 4 to 5m from the trunk.

(e) Passive capillary fiberglass wick lysimeter prior to installation. (f) HRM30 heat ratio probe for sap flow
measurements attached to the stem of a Shea tree.

regions. We hope that our results will stimulate research on the hydrological impact of tree cover in a wider range
of systems including agroforests, selectively harvested and old growth forests, savannah woodlands and pastoral
systems. We envisage significant opportunities to improve land-use policies, practices and management inter-
ventions. One recent summary suggests that close to 1.5 billion ha of land in the tropics offer opportunities for
the restoration of, or increase in, tree cover*” offering multiple goods and services to local people and a number
of global benefits such as improved carbon sequestration?® and biodiversity conservation'®. Our results suggest
that intermediate tree cover might-if managed judiciously-improve water availability over vast areas benefitting
hundreds of millions of people.

Methods

Site description. The study was conducted in an open woodland managed for crops, grazing, fuel wood
and non-timber forest products in Saponé (Fig. 5a,b), a village located 30 km south of Ouagadougou, Burkina
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Faso, West Africa (12°04'48"N, 1°34’00”W, Fig. 6). These systems are regionally referred to as “agroforestry
parklands™®: they are the dominant farming system in semi-arid West Africa and resemble tree based systems
common in other parts of the world®. Parklands originate from the clearing of natural woodlands for cropping
and farmer selection and protection of given tree species®. Tree density usually ranges from 5 to 100 trees ha™!%.

The study site is located on a peneplain at 310 to 325 m above sea level. Mean annual temperature (1952-2008)
at Ouagadougou (the nearest meteorological station) is 28 °C with a mean annual precipitation of 787 mm year !
(1952-2010), ranging between 570 and 1180 mm year™! (Direction de la Météorologie du Burkina Faso). The sin-
gle rainy season generally starts around April and ends in October. About 80% of the average annual precipitation
falls between June and September (Supplementary Fig. S4). Mean annual potential evapotranspiration (PET) is
1900 mm year™! (1974-2003), ranging between 1200 and 2100 mm year~!. The soils of the area have been classi-
fied as sols ferrugineux tropicaux lessivés®, corresponding to Ferric Lixisols*. They possess sandy clay textures and
low nutrient content (N = 0.03%, Olsen extractable P = 1.05 ppm and exchangeable bases <2.5 cMolc kg™*)..

The dominant tree species of the agroforestry parklands in and around Saponé is Vitellaria paradoxa
C.EGaertn. Sapotaceae (Karité in French and Shea in English), which is considered the predominant parkland
tree species in semi-arid West Africa®. Other tree species present in the parkland are Parkia biglobosa (Jacq.)
G.Don, Azadirachta indica A.Juss., Diospyros mespiliformis Hochst. ex A.DC., Adansonia digitata L., Acacia nilot-
ica (L.) Delile, Ficus gnaphalocarpa (Miq.) Steud. ex Miq., Khaya senegalensis (Desv.) A. Juss., Lannea microcarpa
Engl. & K. Krause, Sclerocarya birrea (A. Rich.) Hochst., Tamarindus indica L. and Terminalia laxiflora Engl. The
tree density in the study area, which comprises ca. 100 ha, averages 21.3 trees ha™! (SD = 16.3; n = 20) but ranges
between 4 and 62 trees ha™!, while canopy cover ranges between 3 and 21% (SD = 5; n= 20) (estimated on 20
100 x 50 m plots on satellite images from year 2002 (source: Google Earth 2012; Digital Globe 2012). In the study
area Shea trees have an average DBH (diameter at 1.3 m height) of 45cm (SD = 17; n= 67) and an average ground
projected canopy area, estimated from canopy diameter, of 67 m? (SD = 39; n = 67). The average canopy area in
our study area (67 m?) is close to the average for Vitellaria paradoxa based on data from Mali, Burkina Faso and
Cameroon (54 m?)%. The trees are scattered forming an open woodland which is often associated with diverse
cultivated plots of annual crops such as millet, sorghum, cowpea and beans*!. These plots are regularly fallowed
for 3-5 years. Trees are kept in the agricultural fields for multiple reasons - including fruits, shading and fodder
for animals. Livestock is present in the area, mainly moving on tracks and in the fallows, but is kept out of the
agricultural fields during the cropping season and allowed to graze crop residues after harvest.

Shea trees are generally considered deciduous but in the study area the trees are rarely leafless because they
replace their leaves progressively®. Its lateral roots mostly follow the ground surface and can extend 20 m from
the tree and reach a depth of 0.4 m>*%>.

Sampling design. The sampling was designed to estimate changes in groundwater recharge as a function of
tree proximity and density. Two classes of areas were selected to span a range of tree densities: large open areas
(large canopy free areas, having a radius between 22 and 30 m) and small open areas (radius between 6 and 13 m).
The sampling locations were selected according to the following criteria: 1) The radius of the open area had to be
either below 15m or above 20 m. Open areas with intermediate sizes were not considered; 2) All trees bordering
the open area had to be Shea trees; and 3) Sampling locations had to be present both North and South of a settle-
ment located at the center of the study area. Each sampling location contained three measurement points where
soil water drainage was collected at 1.5 m soil depth (Fig. 6). For information about replicates see Table 1. One
measurement point was located in a soil pit in the centre of each open area selected. The other two were located
in opposite sides of a second pit close to a Shea tree (Figs 5¢c and 6) with one of the measurement points at a dis-
tance between 1 and 2 meters from the stem and the other in the opposite side of the pit towards the canopy edge,
4-5meters from the stem. The soil pits were orientated with the long side, where the lysimeters are located, in the
slope direction to minimize disturbance by lateral water flow (Fig. 6).

Soil water drainage was collected at 1.5 m soil depth daily during the rainy season in 2008, 2009 and 2010 in 6,
8 and 9 sampling locations respectively (Table 1), corresponding to 18, 22 and 25 measurement points. At the end
of the rainy season in 2008 one pit next to a tree was destroyed due to heavy rains. These two measurement points
could not be included in the following years. Twenty-seven healthy and not recently pruned Shea trees were
selected for sap flow measurements. This involved three trees per sampling location over the 2008-2010 period. In
each sampling location the tree adjacent to the soil pit and the two closest trees to this tree were selected (Fig. 6).

Rainfall measurements. Rainfall was measured in gauges located near the centre of each open area. The
rain gauges had a surface of 137 cm?, a capacity of 2-L, and were mounted at a height of 1.5 m. Rain was collected
daily during the rainy season in 2008, 2009 and 2010.

Rainfall data was missing at the beginning of the rainy season (March-June 2008 and 2010), as the equipment
was not yet installed. Simple linear regression was performed between 15 months of available data from Saponé
and data from Ouagadougou meteorological station, the closest to the study area, for the same period. The regres-
sion model obtained (y=11.3 + 1.1x; rzadj = 0.8, p< 0.0001) was used to predict the mean monthly rainfall for
the months with missing data.

Soil water drainage measurements.  Soil water drainage, the vertical flux of water within the vadose zone
which can eventually become actual groundwater recharge when reaching the water table, was collected using
passive capillary fiberglass wick lysimeters (adapted from those presented by Zhu et al.>®). These passive capillary
fiberglass wick lysimeters have a larger drainage collection efficiency than normal zero-tension pan lysimeters,
which can approach 100%%°.

Our lysimeters consisted of a 30 x 40 cm? fiberglass plate with a slight slope which drained all collected water
towards a hose connected to a 7-litre tank. The wick was an 8 mm diameter Thermo- E glass fiber twisted rope
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Figure 6. Overview of the study area and sampling design. Satellite image (Panchromatic WorldView-2
image from 18 July 2012) of the study area showing the 9 sampling locations, 4 corresponding to large open
areas (blue dots) and 5 corresponding to small open areas (yellow dots). Enlargements of a large and a small
open area are also shown. The soil pits were located in each sampling location both at the centre of the open area
and under a tree (white boxes). Soil water drainage was collected with lysimeters located at 1.5 m soil depth at
three points in each sampling location (X). Sap flow was measured in three trees per sampling location (pink
triangles).

2008 6 3 3
2009 8 4 4
2010 9 4 5

Table 1. Number of sampling locations (total, large open areas and smaller open areas) for each year.

(HKO Heat Protection Group, Germany). The wicks were heated at 400 °C for 4 hours in order to remove any
organic residues®. Two fiberglass ropes were inserted through the hose, leaving a piece of free rope on top of the
plate. The lysimeters were filled to the top with 2 mm diameter sand. The remaining piece of fiberglass rope was
separated into individual strands which were evenly arranged over the sand surface (Fig. 5¢). This surface was
then placed against the ceiling of a cavity dug in the wall of the soil pit (1.5 m beneath the soil surface and 50 cm
from the pit wall) (Fig. 5d). Prior to the lysimeter installation the cavity ceiling was leveled to ensure contact
between the lysimeter water collection surface and the lower surface of the undisturbed soil. A lysimeter of this
type produces a hanging water column that exerts a negative pressure to the soil above the lysimeter®®. The differ-
ence in elevation between the collection surface and the end of the wick was about 50 cm, which thus generated
up to 50 cm of water tension on the soil*®. Soil pits were covered with an unpainted galvanized iron sheet to reduce
evaporation and avoid direct precipitation.

Water from the lysimeters was collected daily, in the early morning, during the rainy season in 2008, 2009 and
2010. Yearly soil draining water volumes were calculated by accumulating the daily collected draining soil water.
Given the depth of the lysimeters installations we judged it a prerequisite that for meaningful readings the local
groundwater must remain lower than 2m depth. Therefore we only used data from days where the groundwater
table was lower than 2 m depth in all the pits, which represented 85, 99 and 60% of the total annual rainfall for
2008, 2009 and 2010 respectively (Supplementary Table S1). The accumulated soil draining water volume for each
year was scaled according to the total rainfall collected during the sampling period.
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Three lysimeters malfunctioned during use, two in 2008 and one in 2009. These failures resulted from poor
contact with the soil due to either flawed installation, erosion or disturbance by animals (the most likely being
rodents or termites). Readings from these lysimeters have been removed from the data set.

Sap flow measurements. Sap flow was measured using the heat ratio method (HRM), this is a modifi-
cation of the Heat Pulse Velocity method®. Estimates of each Shea tree’s daily transpiration were obtained from
accumulation of 24 hourly sap flow measurements from HRM30 heat ratio probes (ICT International, Armidale,
Australia) (Fig. 5f), generated as in ref. 59. On each tree, four HRM30 sensors were installed at 1.30 m height
along the compass directions East, West, North and South in order to account for circumferential variability. Each
sensor was 35 mm long and contained three probes (a heater probe and two temperature probes, installed equidis-
tantly upstream and downstream from the heater probe). Each temperature probe contained two thermocouples
located at 7.5 and 22.5mm. A heat pulse of 20 joules was automatically sent to the sensors every 10 minutes. The
speed of propagation of the heat (Vh) was calculated according to ref. 60 every 10 minutes, and an average hourly
value was automatically stored by an SL5 Smart Logger recorder (ICT International). Heat pulse velocity values
were corrected for errors arising from probe misalignment and wounding following ref. 59. The corrected Vh val-
ues were then converted into sap velocity (V) according to ref. 61. At the end of the measurement period, a wood
core was extracted from each monitored tree using a Pressler increment borer in a random compass direction,
and sapwood thickness was determined from this sample. We chose to sample sapwood thickness at a random
compass direction to avoid any systematic errors due to potential patterns in sapwood depth around the tree.
The cross-sectional sapwood area, estimated from the sapwood thickness assuming radial symmetry, was then
divided into two concentric annuli delimited by the midpoint between the two measurement depths (7.5 mm and
22.5mm). The sap flow corresponding to each annulus was estimated by multiplying the area of the annulus by
Vs at the specific depth. The sap flow for the entire sap wood area was obtained by adding the values from the two
concentric annuli. Finally, the tree transpiration rate was calculated by averaging the sap flow values from the four
sensors installed in each tree.

Sap flow was measured simultaneously on three Shea trees per sampling location for a period of 10 to 50 days,
after which the instruments were moved to another sampling location (see Supplementary Table S2 for details on
the sampling periods at each location). In total 27 trees, corresponding to 9 sampling locations, were measured
in both the rainy season and the dry season over the period July 2008-December 2010. The diameter at 1.3 m
height (DBH) of the measured trees ranged from 19 to 90 cm, with a mean value of 55 cm, while their ground
projected canopy area ranged from 28 to 190 m?, with a mean value of 93 m?. Wrong data, indicated by an error
code, were removed. When hourly data were lacking, either due to wrong data or other technical problems, the
gaps with missing data were replaced by the hourly average of the day if there were less than 5 gaps within that
day. Otherwise, the data from that day was not used.

Sap velocity typically varies radially across the sapwood, with a peak generally occurring within the outermost
portion of the sapwood depth, and from there decreasing towards the heartwood®-%. Failure to account for this
radial variation in sap velocity can introduce significant errors when scaling up sap flow measurements from tree
to stand®®®”. When radial variation is not considered, single-point measurements at the outer sapwood can result
in overestimation errors as large 300%°, or 154%%2. Measuring sap velocity at two close sample points, similarly
to what we did in this study, has been shown to systematically overestimate tree water use, with errors ranging
between 14 and 81%%2. To evaluate the effects of a potential overestimation of tree water use on groundwater
recharge, we performed a sensitivity analysis assuming an overestimation error of 100%. We discuss the implica-
tions of this in more detail in the discussion section.

Spatial model. We modelled annual groundwater recharge in Simile v5.9 software (Simulistics Ltd). The
model consisted of a spatial grid of 1ha (100 x 100 m), with cell size of 1 m? and an overlying layer of the same
extent which stored the X and Y coordinates of individual trees. Tree locations were randomly generated for
each of the 100 simulations per input tree density (ranging from 1 to 70 trees ha™!). Soil water drainage at 1.5m
soil depth as percentage of annual rainfall was modelled in each of the grid cells as a function of the distance
from its centre to the nearest tree stem according to the fitted relationship (Supplementary Fig. S5a, Fig.2). This
relationship was determined from our 2009 data for two reasons: firstly the rainfall in this year (720 mm year™?)
was very close to the long-term average (787 mm year—'); and secondly the sampling period included the least
interrupted time series with 99% successful sampling of the annual rainfall (Supplementary Table S1). While in
2009 the lysimeters where installed and functioning during three months, in 2008 and 2010 the sampling period
was reduced to two months and a half and one month and a half respectively. When comparing with the amount
of time needed for water to reach the lysimeters furthest from trees (Fig. 4) it is evident that in the specific case
of 2010, this meant that in these lysimeters much of the water did not have time to drain down to the lysime-
ters within this month and a half. Therefore, lysimeters located furthest from trees underestimated the accumu-
lated drainage relative to the total rainfall during the sampling period as compared to data from 2008 and 2009.
However, close to trees where percolation rates are faster, drainage was similar in all years—thus supporting that
drainage is highest just beyond the tree crowns. To determine the effect of distance to tree on drainage, non-linear
exponential regression was used for the interval of distances corresponding to sample points under the tree can-
opy and linear regression beyond the canopy edge (both performed using Minitab 16). Ordinary bootstrapping
regression was also tested in the open areas using the boot function from the package boot®® in R, using 1000
replicates. The obtained average regression coeflicients were very similar to the ones obtained by ordinary least
squares method, and therefore we only show these latter in the results. As a conservative choice, the linear rela-
tionship found was not extrapolated beyond our data but instead the value recorded in the largest open area (1.3%
of annual rainfall, Fig. 2) was used as the minimum drainage beyond 36.8 m. Thus, depending on the distance to
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the nearest tree stem, the accumulated drainage at 1.5m soil depth (% annual rainfall) was estimated according
to the following three expressions:

4310 %" if x < 4.36
y = 118.1 — 0.46x if 4.36 < x < 36.8
1.3 if x > 36.8 (1)

where y is the annual accumulated drainage at 1.5m below the ground surface (% annual rainfall) and x is the
distance to the nearest tree stem (m).

To calculate the groundwater recharge scenarios tree transpiration was subtracted from the drainage. Sap flow
was derived from a per tree basis using a log-log regression (Minitab 16) between the natural log (Ln) of average
daily sap flow from the 27 monitored trees and the Ln of their canopy area (y = 1.43 4- 0.78x(SE 0.14); where y is
Ln [sap flow] and x Ln [canopy area]; r%,4;= 0.53, p < 0.001). Subsequent conversion to express this relationship
in natural units provides an exponential function (Supplementary Fig. S6).

We explored the influence of tree size with three simulated scenarios involving: small (40 m? canopy area),
average (67 m?) and large trees (130 m?). The predicted daily sap flow for each scenario, i.e. 76, 113, and 190 L
tree~'day ! respectively (Supplementary Fig. $6), was multiplied by tree density and by 365 to estimate annual
transpiration losses.

The depth from which the transpired water was drawn by the trees in the study remains uncertain. The verti-
cal profile of this extraction process is hard to assess and remains undetermined. To address this uncertainty we
modelled annual groundwater recharge under 5 different model scenarios covering the full range of possibilities.
In the first model we considered that trees extract 100% of transpired water from below 1.5 m soil depth. The
remaining models assumed 75%, 50%, 25% and 0%. Annual groundwater recharge was subsequently obtained for
each model by extracting the adjusted volume of transpired water from the annual accumulated drainage at 1.5m
soil depth. Each drainage model was run 100 times for each of the 30 different tree densities ranging from 1 tree
ha™! to 70 trees ha~!. All trees positions were randomized for each of the 3000 simulations.

Furthermore, in order to evaluate the influence of how trees are distributed in space we ran seven simulations
(1,4,9, 16, 25, 36 and 49 trees ha™!) with a regularly spaced “square” distribution of trees. We considered average
tree size (67 m? canopy area) and 100%, 75%, 50%, 25% and 0% assumptions for extraction of transpired water.

Our original model assumed that drainage at 1.5m soil depth and groundwater recharge are influenced only
by the distance to the nearest tree stem. To explore the influence of any possible additive effect in which ground-
water recharge is influenced by multiple neighboring trees we modified our initial nearest-neighbour model. In
our additive model, we assumed that drainage at 1.5 m was highest at the canopy edge, 4.36 m from the tree,
and then decreased linearly down to 1.3% of annual rainfall at 36.8 m from the tree. We assumed drainage was
zero under tree canopies, and 1.3% beyond 36.8 m away from any tree. The effect of trees on drainage was then
summed when the ranges between 4.36 and 36.8 m around any trees were overlapping. We assumed that the
per-hectare mean drainage value from our original model was valid for a tree density of 20 trees ha™?, since this is
the average tree density in our study area. We calibrated the effect of the individual trees in our additive model so
that the original and additive models gave equal results at a tree density of 20 trees ha~!. The drainage effect from
each tree in these circumstances was y= 3.5 — 0.06x (where x is the distance to the tree in m) between 4.36 and
36.8 m. The model was run 100 times for each of the 30 input tree densities ranging from 1 tree ha™! to 70 trees
ha! assuming random distribution of trees, average tree size (67 m” canopy area), and 50% water uptake below
1.5 m soil depth (for example outputs see Supplementary Fig. S5b).
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Abstract. Phase transitions of atmospheric water play al Introduction
ubiquitous role in the Earth’s climate system, but their direct
impact on atmospheric dynamics has escaped wide attentiof?hase transitions of water are among the major physical pro-
Here we examine and advance a theory as to how conderfesses that shape the Earth’s climate. But such processes
sation influences atmospheric pressure through the mass rbave not been well characterized. This shortfall is recognized
moval of water from the gas phase with a simultaneous acboth as a challenge and a prospect for advancing our un-
count of the latent heat release. Building from fundamentalderstanding of atmospheric circulation (elgorenz 1983
physical principles we show that condensation is associate@chneider2006. In A History of Prevailing Ideas about the
with a decline in air pressure in the lower atmosphere. ThisGeneral Circulation of the Atmospheterenz(1983 wrote:
decline occurs up to a certain height, which ranges from 3
to 4 km for surface temperatures from 10 to°8) We then
estimate the horizontal pressure differences associated with
water vapor condensation and find that these are comparable
in magnitude with the pressure differences driving observed
circulation patterns. The water vapor delivered to the atmo-
sphere via evaporation represents a store of potential energy
available to accelerate air and thus drive winds. Our estimates ~ Our current knowledge of the role of the various
suggest that the global mean power at which this potential phases of water in the atmosphere is somewhat in-
energy is released by condensation is around one per cent of complete: eventually it must encompass both ther-
the global solar power — this is similar to the known station- modynamic and radiational effects. We do not fully
ary dissipative power of general atmospheric circulation. We understand the interconnections between the trop-
conclude that condensation and evaporation merit attention ics, which contain the bulk of water, and the re-
as major, if previously overlooked, factors in driving atmo- maining latitudes ... Perhaps near the end of the
spheric dynamics. 20th century we shall suddenly discover that we
are beginning the fifth step.”

“We may therefore pause and ask ourselves
whether this step will be completed in the man-

ner of the last three. Will the next decade see new
observational data that will disprove our present
ideas? It would be difficult to show that this can-

not happen.

Deluc (1812 p. 176) mentioned that conversion of water
vapor to rain creates a kind of “airfree” space that may cause

Published by Copernicus Publications on behalf of the European Geosciences Union.
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wind gusts.Lorenz (1967 Eq. 86), as well as several other we discuss the importance of condensation as compared to
authors after himTrenberth et a).1987% Trenberth 1991, differential heating as the major driver of atmospheric cir-
Gu and Qian1991, Ooyama 2001, Schubert et a.2001%; culation. Our theoretical investigations strongly suggest that
Wacker and Herber2003 Wacker et al.2006, recognized the phase transitions of water vapor play a far greater role in
that local pressure is reduced by precipitation and increasedriving atmospheric dynamics than is currently recognized.
by evaporationQiu et al. (1993 noted that “the mass de-
pletion due to precipitation tends to reduce surface pressure L .
which may in turn enhance the low-level moisture conver-2 Condensation in a local air volume
gence and give a positive feedback to precipitatidah den
Dool and Sah#1993 labeled the effect as a physically dis-

tinct “water vapor forcing”Lackmann and Yablonsk2004  \ye will first show that adiabatic condensation is always ac-

investigated the precipitation mass sink for the case of Hurompanied by a decrease of air pressure in the local volume
ricane Lili (2002) and made an important observation that, here it occurs. The first law of thermodynamics for moist

“the amount of atmospheric mass removed via precipitation;, saturated with water vapor reads (e@jll, 1982
exceeded that needed to explain the model sea level pressure

2.1 Adiabatic condensation

decrease”. dQ = cydT + pdV + Ldy, D
Although the pressure changes associated with evapora-
tion and condensation have received some attention, the in- d d d
S L . _Pv 14 Pv 14
vestigations have been limited: the effects remain poorlyy = — < 1, T (2
\'

characterized in both theory and observations. Previous in-
vestigations focused on temporal pressure changes not spéalere py is partial pressure of saturated water vagors

tial gradients. Even some very basic relationships remairair pressure7 is absolute temperatur@ (J mol!) is mo-
subject to confusion. For example, there is doubt as tdar heat,V (m3mol~1) is molar volume,L ~ 45 kJ mot®
whether condensation leads to reduced anteeasedatmo-  is the molar heat of vaporizatiomy = gR is molar heat
spheric pressurépsch| 2009 p. S12436). Opining that the capacity of air at constant volume (JméK-1), R =
status of the issue in the meteorological literature is unclearg.3Jmor1K—1 is the universal gas constant. The small
Haynes(2009 suggested that to justify the claim of pres- value ofy < 0.1 under terrestrial conditions allows us to ne-
sure reduction one would need to show that “the standardjlect the influence made by the heat capacity of liquid water
approaches (e.g., set out in textbooks such as “Thermodyin Eq. (1).

namics of Atmospheres and Oceans"®yrry and Webster The partial pressure of saturated water vapor obeys the
1999 imply a drop in pressure associated with condensa-Clausius-Clapeyron equation:
tion”.
Here we aim to clarify and describe, building from basic % — d_T _ L ©)
and established physical principles, the pressure changes as?v T’ RT’
sociated with condensation. We will argue that atmospheric
water vapor represents a store of potential energy that be?v(T) = pvo€Xp§o — &), 4)

comes available to accelerate air as the vapor condenses,
where pyo and & correspond to some reference tempera-

Evaporation, driven by the sun, continuously replenishes thetureT Below we usdp — 303 K andp 42 hPa Bolton
; ; 0- 0= Vo = )
store of this energy in the atmosphere. 1980 and neglect the dependencelobn temperature.

The paper is structured as follows. In Sect. 2 we analyze . : :
. i : L We will also use the ideal gas law as the equation of state
the process of adiabatic condensation to show that it is al;

: . for atmospheric air:
ways accompanied by a local decrease of air pressure. In
Sect. 3 we evaluate the effects of water mass removal andyy _ g7 (5)
lapse rate change upon condensation in a vertical air col-
umn in approximate hydrostatic equilibrium. In Sect. 4 we dp dv  dT
estimate the horizontal pressure gradients induced by watef— + — = —. (6)
vapor condensation to show that these are sufficient enough?’ r
to drive the major circulation patterns on Earth (Sect. 4.1). Using Eq. 6) the first two terms in Eq.1) can be written
We examine why the key relationships have remained unin the following form
known until recently (Sects. 4.2 and 4.3). We evaluate the
mean global power available from condensation to drive the 47 + pdv = RT (d_T - Md_p> ,
general atmospheric circulation (Sect. 4.4). Finally, we dis- w \T p
cuss the interplay between evaporation and condensation and R 2
the essentially different implications of their physics for at- #= "= 7~ 029, cp=cv+R.
mospheric dynamics (Sect. 4.5). In the concluding section

(1
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Writing dy in Eq. (1) with use of Eqs.Z) and @) as Using Egs. 6), (10) and @) we can express the relative
change of molar volumeld/ V in terms of ¢/ /y :
dr_ 9T o ® dv  1-¢d
Y T p — =t (14)
14 p5—1y
and using the definition &f (Eq.3) we arrive at the following Putting & = 0 in Eq. (L4) we obtain
form for the first law of thermodynamics (Ed):
A-g)dy _ (15)
Ge—-Dy

RT (dT d
dQ=—{—(1+W€2)—M—p(1+7/§)}- 9 _ , ,
w L T p The denominator in Eq.16) is greater than zero, see

In adiabatic processesg=0, and the expression in Egs. (2) and (13). In the numerator we note from the def-

. L . 2 5
braces in Eq.9) turns to zero, which implies: inition of ¢ (Eq. 10) that 1—<P=7+2—);§z [5+E(§—1)]- The
expression in square brackets lacks real roots:
dar 1+y¢&

dp
— =—0,8), o(y.) =p——5=09. (10) [10—
T p 1+ uyé? %4_52_5:0, §=:—2L<1j:i 1Oy V), y<1 (16)

Note thaty, y and¢ are all dimensionless, andé are vari-

ables angu is a constantp(0, 0) = u. This is a general de- In consequence, Eql%) has a single solutionyo=0. This
pendence of temperature on pressure in an adiabatic atmgoves that condensation cannot occur adiabatically at con-
spheric process that involves phase transitions of water vapdstant volume.

(evaporation or condensation), i.e. changer oAt the same ] ] ]

time y itself is a function of temperature as determined by 2-3 Non-adiabatic condensation

Eaq. ®):
dy dI dp dTlép-1

y T p T ¢

To conclude this section, we show that for any process where
dp entropy increases,S&=dQ/ T >0, water vapor condensation
=g~ 1)7- (11) (dy <0) is accompanied by drop of air pressure (i.g.<®).
We write the first law of thermodynamics Eq9) @énd (1)
One can see from Egsl@ and (1) that the adiabatic phase as
transitions of water vapor are fully described by the relative g5, dr dp d7 1 (dy dp) an

change of either pressurg gip or temperatureti/ T. For the Ri1xtuve2 T o—, T —
temperature range relevant for Earth we hawd./RT~18 +.,uy$ p g ) v
so that Excluding dr'/ T from Eqg. (L7) we obtain
dp dy w o ds
—1~43. —Ee—-D=—-§ - (18)
Su—1m43 (12) p Y 14+uyé R
Noting thatu, y, £ are all positive, from Egs.10), (11) The term in round brackets in Eql8) is positive, see
and (L2) we obtain Eq. (13), the multiplier at & is also positive. Therefore, when
condensation occurs, i.e., whept <0, and &'>0, the left-
fp—1=¢Epu 1+y§ 1= gp—1 -0 (13) hand side of Eq.1(8) is negative. This means thapdp <0,
14 uyé&2 1+ pyé2 i.e., air pressure decreases.

. Condensation can be accompanied by a pressure increase
Condensation of water vapor corresponds to a decrease %fnly if dS<0. This requires that work is performed on the gas
v d;{ = 02 ItfoIIovys unambiguously from Eqsu) and @3). such as occurs if it is isothermally compressed. (We note too,
that if dy is negative, then gland &’ are pegatlve tpo. T_h's that if pure saturated water vapor is isothermally compressed
proves that water vapor condensation in any adiabatic P'0%tondensation occurs, but the Clausius-Clapeyron equation
cess is necessarily accompanied by reduced air pressure. (Eq.3) shows that the,vapor pressure remains unchanged be-

2.2 Adiabatic condensation cannot occur at constant ing purely a function of temperature.)

volume

] - ) ) 3 Adiabatic condensation in the gravitational field
Our previous result refutes the proposition that adiabatic con-

densation can lead to a pressure rise due to the release @gf1 Difference in the effects of mass removal and

latent heat Rosch| 2009 p. S12436). Next, we show that temperature change on gas pressure in

while such a pressure rise was implied by calculations as- hydrostatic equilibrium

sumingadiabatic condensation at constant volynire fact

such a process is prohibited by the laws of thermodynamicdVe have shown that adiabatic condensation in any local vol-
and thus cannot occur. ume is always accompanied by a drop of air pressure. We

www.atmos-chem-phys.net/13/1039/2013/ Atmos. Chem. Phys., 13, 103%4§ 2013
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will now explore the consequences of condensation for the In the following we estimate the cumulative effect of gas
vertical air column. content and lapse rate changes upon condensation.

Most circulation patterns on Earth are much wider than
they are high, with the ratio height/length being in the order3.2 Moist adiabatic temperature profile
of 102 for hurricanes and down to 18 and below in larger )
regional circulations. As a consequence of mass balance, veR€lative water vapor content (E2) and temperaturé de-
tical velocity is smaller than horizontal velocities by a similar P€Nd 0N height. From Egs. 10), (11) and @0) we have

ratio. Accordingly, the local pressure imbalances and result- 4 T 1
) . : . ) o _ +v§
ing atmospheric accelerations are much smaller in the vert|-—d— =I'= wz, Y= M1+—52’ (22)
cal orientation than in the horizontal plane, the result being < Y
an atmosphere in approximate hydrostatic equilibri@ill ( 1dy &p—1 En—1 1
1982. Air pressure then conforms to the equation —— = = 5T (23)
y dz h 14+ upnyéch
o
dp o Equation 22) represents the well-known formula for a moist
Ty PE p(0) = ps—gfp(z)dz. (19 adiabatic gradient as given i@lickman (2000 for small
0 y <0.1. Ai[y =_0 we havep(y, g)_: n _andl“d = Mqg/cp =
Applying the ideal gas equation of state (Bjwe have from 9.8 Kkm™+, whlc_h is the dry adiabatic lapse rate that is in-
dependent of height, Mg = 29 g mol1. For moist saturated
Eq. 19 . . .
air the change of temperatufeand relative partial pressure
d__»p n= XL 20) 7 of water vapor with height is determined by the system of
dz h T Mg differential equations (Eq22, 23).

Differentiating both parts of the Clapeyron-Clausius equa-

This solves as tion (Eq.3) overz we have, see Eq2p):

V4 dz/
p(z) = psexp —/

0

(r) 9w _ RT?_T _k

h(Z/) : dz __h_v’ VzFZE_F:%,

(24)
/
HereM is air molar mass (kg mot), which, aswellastem-  , (7) = pysexp —fd_z . pvs= py(0).

peraturel (z), in the general case also dependgon hy

The value ofps (Eq. 19), air pressure at the surface, ap-
pears as the constant of integration after B§) (s integrated ~ The value ofz, represents a fundamental scale height for the
over z. It is equal to the weight of air molecules in the at- vertical distribution of saturated water vapor. At= 300 K
mospheric column. It is important to bear in mind that  this heighth, is approximately 4 km.
does not depend on temperature, but only on the amount of Differentiating both parts of Eq.2f over z with use of
gas molecules in the column. It follows from this observa- Egs. 0) and @4) and noticing thaty=h/(£¢) we have
tion that any reduction of gas content in the column reduces 1dy l1dp, 1dp 1 1 1
surface pressure. B . = _T=

Latent heat released when water condenses means that ¥ % v & pde by ko hy
more energy has to be removed from a given volume of satu- h, = hvh . (25)
rated air for a similar decline in temperature when compared h —hy

to dry air. This is why the moist adiabatic lapse rate is smallerqp,ig equation is equivalent to Eq23) when Egs. 22)
than the dry adiabatic lapse rafce. Accordingly, giye_n one andand @4) are taken into account. Height, represents the
the same surface temperatuigin a column with rising air,  yertical scale of the condensation process. Height ségles

the temperature at some distance above the surface will bﬁEq. 24) and , (Eq. 25) depend ons(y, £) (Eq. 22) and
on average higher in a column of moist saturated air than irbonsequently Von,_ At Ts= 300K heiéhth], ~9km in,

adryone. , _ , close proximity to the water vapor scale height described by
However, this does not mean that at a given height air presMapes(ZOO]).

sure in the warmer column is greater than air pressure in the

colder column (cfMeesters et al2009 Makarieva and Gor- 3.3  Pressure profiles in moist versus dry air columns

shkoy, 20099, because air pressuggz) (Eq. 21) depends

on two parameters, temperatuféz) and surface air pres- We start by considering two static vertically isothermal at-
sure (i.e., the total amount of air in the column). If the total mospheric columns of unit area, A and B, with temperature
amount of air in the warmer column is smaller than in the 7' (z) = Ts independent of height. Column A contains moist
colder column, air pressure in the surface layer will be lowerair with water vapor saturated at the surface, column B con-
in the warmer column despite its higher temperature. tains dry air only. Surface temperatures and surface pressures

0
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Fig. 1. (a) Scale height of saturated water vapqQKz) (Eq.24), hydrostatic scale height of water vapoy(z) (Eq. 26), and scale height of

moist airk(z) (Eq.20) in the column with moist adiabatic lapse rate (B8) for three values of surface temperatdike (b) condensation-
induced drop of air pressure at the surface (Ef).as dependent on surface temperafty€c) pressure difference versus altitudbetween
atmospheric columns A and B with moist and dry adiabatic lapse rates 3yan@d 1), respectively, for three values of surface temperature

Ts. Heightz, at whichpa (z¢)—pB(z¢)=01is 2.9, 3.4 and 4.1 km for 283, 293 and 303 K, respectively. Due to condensation, at altitudes below
z¢ the air pressure is lower in column A despite it being warmer than column B.

in the two columns are equal. In static air Eq9)is exact v

and applies to each component of the gas mixture as welf?s = Pv(Ts) — g/Pv(Z)dZ < pv(Ts) — pu(Ts) ghy(Ts)

as to the mixture as a whole. At equal surface pressures, the 0

total air mass and air weight are therefore the same in both hys v8Ts

columns. Water vapor in column A is saturated at the surface  ~— pu(Ts) (1 - h_ns> = pv(Ts) (1 - L—I‘s> : (27)

(i.e., atz = 0) but non-saturated above it @t 0). The sat- _ o . .

urated partial pressure of water vapor at the surfaggs) ~ 1he inequality in Eq.27) represents a conservative estimate

(Eg. 4) is determined by surface temperature and, as it is inf)f 8ps d'ue to the aDDYOXImatlohv(z)=hv('Ts) que wh|le

hydrostatic equilibrium, equals the weight of water vapor in integratingpy(z) (26). As far ashy(z) declines with height

the static column. more rapidly thanz,(z), Fig. 1a, the exact magnitude of
We now introduce a non-zero lapse rate to both columnsthis integral is smaller, while the value 8ps is larger. The

the moist adiabati€’ (Eq.22) to column A and the dry adia- Physical meaning of estimate (Eg7) consists in the fact

baticI'q in column B. (Now the columns cannot be static: the that the drop of temperature with height compresses the wa-

adiabatic lapse rates are maintained by the adiabatically ader vapor distribution,s/ hys-fold compared to the hydro-

cending air.) Due to the decrease of temperature with heighStatic distribution Makarieva and Gorshko2007, 2009a

some water vapor in column A undergoes condensation. WaG0rshkov et al.2012. _

ter vapor becomes saturated everywhere in the column (i.e., The value ofdps (Eq. 27) was calculated as the differ-

atz>0), with pressurep (z) following Eq. 24) and density ~ €nce between the weight per unit surface area of vapor in

ov=pyMy/(RT)=py/(ghy) following the isothermal hydrostatic column and the weight of water
vapor that condensed when a moist adiabatic lapse rate was
B p dz’ applied. This derivation can also be understood in terms of
pv(z) = pv(Ts) (o) &P —/ o [ the variable conventionally called tlagliabatic liquid water
n(@) 0 v(@) content(e.g., Curry and Websterl999 Eq. 6.41). We can
pu(Ts) RT(2) (26) represent the total mixing ratio of moisture (by mass);as
ov(Ts) = @y’ " = Myg T(x)=Ts—Tz. gv+q1 = (pv+p1)/p, Wherep, is the mass of vapor ang is

the mass of liquid water per unit air volumg1. The total
Hereh, (z) is the scale height of the hydrostatic distribution adiabatic liquid water content in the column equals the inte-
of water vapor in the isothermal atmosphere vifitty)=Ts. gral of g p overz at constani, gip = gip — qup = qtp — pv.

The change in pressubgs in column A due to water va-  The value ofsps (Eq. 27) is equal to this integral (mass per
por condensation is equal to the difference between the initialinit area) multiplied by the gravitational acceleration (giving
weight of water vapop, (7s) and the weight of saturated wa- weight per unit area):
ter vapor:

www.atmos-chem-phys.net/13/1039/2013/ Atmos. Chem. Phys., 13, 103%4§ 2013



1044 A. M. Makarieva et al.: Condensation-induced atmospheric dynamics

Herepy is the density of the air moist air parcel that ascends
00 o0 00 in the environment with density. (When fg is taken per unit
_ _ _ mass by dividing by density, and integrated over, one
s g/ apdi =g / auod: / P | (28) obtains theconvective availapble potential energCAPE)
0 (Glickman 2000, which represents work performed by the
The first integral in braces gives the mass of vapor in thebuoyant force on thesing air parcel. As work of the buoy-
considered atmospheric column if water vapor were a non-ant force on the air parcel thatdescendinglry adiabatically
condensable gagy=gt=const. This term is analagous to the is usually negative, total energy available for a buoyancy-
first term, py(Ts), in the right-hand side of Eq27), where  induced circulation can be close to zero even at large positive
a static isothermal column was considered. The second terr@CAPE (Gorshkov et al.2012).)
is identical to the second terrgJOOO ovdz, in EqQ. @7). Figure 2a shows the buoyant force acting on an air vol-
Using the definition ofhy(Ts) (EQ. 24), h,(Ts) (EQ. 26) ume from column A that rises moist adiabatically in the
and recalling thatMy/Mq=0.62 and py(Ts)=ysps, see  dry adiabatic environment of column By = pg(z)M/RT,
Eq. @), we obtain the following expression for tld@s es-  p = pg(z) Mg/ RTy. Here pg is given by Eq. 81), Ty fol-

0 0

timate (Eq.27), Fig. 1b: lows the dry adiabatic profil&;(z) = Ts — I'4z, wherel'y =
5 1 2 9.8 Kkm~1, while temperatur@ (z) and molar mass/ (z) =
oPs v ys1— O.GZLMSSZ _ (29)  Mdll— (My/Ma)y(2)] of the rising air satisfy Eqgs.2Q)-
Ds wés+ ysiés (23). The positive value of the buoyant force at the surface

is due to the lower molar density of the moist versus dry air.
The same figure shows the condensation pressure gradi-
b- ent force that acts in the column where moist saturated air

Note thatsps/ ps is proportional toys and increases exponen-
tially with the rise of temperature.

After an approximate hydrostatic equilibrium is esta ) !
lished, the vertical pressure profiles for columns A and Bascends adiabatically:

become, cf. Eq.2): pvop  dpy ay
o= 0 "0 T P
8 ody RT P o ) )
PA(2)=ps (1—Ls> exp —/ —Z/ , ha=—; (30) Herep andy conform to Egs.Z2)—(23).
Ps 5 ha (@) Mg As Fig. 2a shows, the two forces have different spatial lo-
z calization. The condensation force has a maximum in the
_ dz’ _ Ry lower atmosphere where the amount of vapor is maximized.
pB(2) = psexpy — —t, hg=——. (31) ) ; )
hg(z’) Mgyg The buoyant force grows with height following the accumu-
0 lating difference between the moist adiabatic and dry adia-
Here M(z2)=My(1—y)+Myy; v=pv(z)/pa(z) and T(z) batic temperatures. Afs = 300 km atz = 8 km the differ-
obey Egs.22) and 3), Ta(z)=Ts—Tqz. ence theoretically amounts to over 50 K.
In Fig. 1c the differenceva (z)— pg(z) is plotted for three The buoyant force estimated in Fig. 2 represents a the-

surface temperatureg;=10°C, 20°C and 3C°C. In allthree  oretical upper limit that assumes no heat transfer between
cases condensation has resulted in a lower air pressure in cdlhe ascending air and its environment. Maximum tempera-
umn A compared to column B everywhere belgwe2.9, 34 ture differences observed in the horizontal direction in real

and 41 km, respectively. It is only above that height that the weather systems are typically much smaller than 50K at
difference in lapse rates makes pressure in the moist columany height. Indeed, even in the warm-core tropical storms

higher than in the dry column. —i.e., in intense precipitation events — the horizontal temper-
ature difference between the core and the external environ-
3.4 Comparing forces due to condensation and ment rarely exceeds a few degrees Kelvin (kgaff et al,
buoyancy 2000. In Fig. 2b the same forces are plotted, but for the

buoyant force estimated for an environment having a mean

IFig. 1c dgsr(iribes ;he relgtive contripu&ioor;thf Iaterllt heat re'tropospheric lapse rate of 6.5K krh (rather than the dry
ease and the condensation vapor sink totbezontalpres- jjahatic lapse rate 9.8Kkmh). As Fig. 2b shows, the

sure dlfLerenc_esimes result can 3'59 Ee rl]llustrated_b_y CorT]]'magnituole of the buoyant force drops rapidly with dimin-
paring theverticalforces associated with phase transitions ofjging gifferences in temperature. Convective available po-

WE%It_Er vspor. tf i it moist air vol b tential energy associated with the buoyant force shown in
The buoyant force acting per unit moist air volume can eFig. 2a isf(?km(fs/pp)dz —85x 103 Jkg L. This figure is
written as : ; )
several times higher than the typical values calculated from
fe = ppg (ﬁ _ 1> — the lapse rate soundings of the atmospheric column below
12 km height in the most intense convection events like
T(z2) 1 thunderstorms and tornadoes (e-hompson et al.2003
PO\ Ty(z) 1— (My/Mg)y (z) 1 Kis and Straka2010. Furthermore, in a recent comparison

Atmos. Chem. Phys., 13, 1032056 2013 www.atmos-chem-phys.net/13/1039/2013/
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Fig. 2. Condensation forcec (solid curves) and buoyant forcgs (dashed) acting at heighton a moist air volume ascending in an
environment with dry adiabatic lapse rate 9.8 KT&r(a) and mean tropospheric lapse rate 6.5 K‘Hrr(b) for different values of surface
temperaturd’s.

of nocturnal and diurnal tornadoesi¢ and Straka2010 it difference to a horizontal pressure gradient. Indeed, as the
was found that significant tornadoes can form at both largeupwelling air loses its water vapor, the surface pressure di-
and very small CAPE values, pointing to the importance of minishes via hydrostatic adjustment producing a surface gra-
different mechanisms for the generation of intense circula-dient of total air pressure between the areas of ascent and
tion systems. descent. The resulting horizontal pressure gradient is propor-
The key message from Fig. 2 is that the condensatiortional to the the ratio of vertical to horizontal velocity/u
force remains comparable in magnitude to the buoyant forcdMakarieva and Gorshko20098.
even when the latter is allowed (for the sake of argument) to We will illustrate this point regarding the magnitude of the
take unrealistically high values. Furthermore the condensaresulting atmospheric pressure gradient for the case of a sta-
tion force dominates in the lower atmosphere with the buoy-tionary flow where the air moves horizontally along the x-
ant force more pronounced only in the upper atmosphereaxis and vertically along the z-axis; there is no dependence
We note that both the buoyant and condensation forces aref the flow on the y coordinate. The stationary continuity
vertically directed. But we emphasise that their action in theequation for the mixture of condensable (vapor) and non-
atmosphere is manifested in the formation of horizontal prescondensable (dry air) gases can be written as
sure gradients. This follows from the independent stipulation
that the atmosphere is vertically in approximate hydrostatic?(Naw) | 9(Naw) _ (32)
equilibrium. In Sect. 4 we derive the horizontal pressure gra- 9x 0z '
dients associated with the condensation force.

d(Nvu) n INvw) _ ¢

33
ox 0z (33)

’

4 Relevance of the condensation-induced pressure
changes for atmospheric processes

4.1 Horizontal pressure gradients associated with vapor =v ( 0z N 0z
condensation

Ny Ny oN 3
v_ v >=wNa—y, N=Ny+Ng. (34)
Z

Here Ng and Ny are molar densities of dry air and satu-
We have shown that condensation of water vapor producesated water vapor, respectively=N,/N, see Eq. %), S
a drop of air pressure in the lower atmosphere up to an al{Eq. 34) is the sink term describing the non-conservation of
titude of a few kilometers, Fig. 1c, in a moist saturated hy-the condensable component (water vapor). Saturated pres-
drostatically adjusted column. In the dynamic atmosphericsure of water vapor depends on temperature alone. Assum-
context the vapor condenses and latent heat is released dung that vapor is saturated at the isothermal surface we have
ing the ascent of moist air. The vertical displacement of aird Ny/dx=0, so Ny only depends on. (This condition ne-
is inevitably accompanied by its horizontal displacement.cessitates either that there is an influx of water vapor via
This translates much of the condensation-induced pressurevaporation from the surface (if the circulation pattern is
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immobile), or that the pressure field moves as vapor is lo-Eq. (37) a pressure gradient of OPaknt!. On a distance of
cally depleted. The second case occurs in compact circulat500 km such a gradient would correspond to a pressure dif-

tion patterns like hurricanes and tornadokkkarieva and

ference of around 10 hPa, which is close to the upper range

Gorshkoy 2011, Makarieva et al.2017).) As the air ascends of the actually observed pressure differences in the region
with vertical velocityw, vapor molar density decreases due (e.g., Murphree and Van den Dool98§ Fig. 1). Similar
to condensation and due to the expansion of the gas alongressure differences and gradients, also comparable in mag-
the vertical gradient of decreasing pressure. The latter efnitude todps (Eq. 27) and dp/dr are observed within cy-
fect equally influences all gases, both condensable and norelones, both tropical and extratropical, and persistent atmo-

condensable. Therefore, the volume-specific fte z) at

spheric patterns in the low latitudekldlland, 1980 Zhou

which vapor molecules are locally removed from the gaseousnd Lay 1998 Brimmer et al.200Q Nicholson 2000 Sim-

phase is equal taw[dNy/dz—(Ny/N)IN/9z], see Egs.X)

monds et a].2008. For example, the mean depth of Arctic

and Q). The second term describes the expansion of vapor atyclones, 5 hPaSimmonds et aJ.2008, is about ten times

a constant mixing ratio which would have occurred if vapor smaller than the mean depth of a typical tropical cyclone
were non-condensable as the other gases. (If vapor did ndHolland 1980. This pattern agrees well with the Clausius-
condense, its density would decrease with height as a con€lapeyron dependence éps, Fig. 1b, which would pre-
stant proportion of the total molar density of moist air as dict an 8 to 16-fold decrease with mean oceanic tempera-
with any other atmospheric gas.) Further clarification of theture dropping by 30-4%C. The exact magnitude of the pres-
meaning of (Eq34) is provided in Sect. 4.2 below, and in sure gradient and air velocities will depend on the horizon-
Appendix A which offers additional interpretation, see also tal size of the circulation pattern, the magnitude of friction

(Gorshkov et a].2012.
The mass of dry air is conserved, Eg2). Using this fact,
Eq. 34) andaN,/dx=0 in Eq. 33) one can see that
aN

N ou " ow .
ox 8z ) Yoz
Now expressing N/dx=03dNy4/dx+dNy/dx from Eqgs. 82)

and @3) with use of Eq. 85) we obtain
Ny 8N>

0. (35)

(36)

oN . w 8NV
0z N 0z

oax
Using the equation of state for moist gi=N RT and water
vapor py=NyRT we obtain from Eqs.36) and @5):

B_P_<3ﬂ_ﬂ3_l’)ﬂ ypw

ox

= (37)

and degree of the radial symmetiigkarieva and Gorshkov
2009ab, 2011 Makarieva et a].2011).

Our estimate of the horizontal pressure gradient in a
Hadley cell illustrates that our approach when coupled to
fundamental atmospheric parameters, yields horizontal pres-
sure gradients of magnitudes similar to those actually ob-
served in large-scale circulation patterns. If we had obtained
a much smaller magnitude from E®4) we could conclude
that the impact of the vapor sink is negligible and cannot ex-
plain the observations. This did not happen. Rather the result
adds credibility to our proposal that the vapor sink is a major
cause of atmospheric pressure gradients.

Difficulties in the understanding of atmospheric circula-
tion relate to circumstances where uncertainty over the dy-
namics of water vapor play a role — even if the nature of that
role remains debatable. For example, modern global circula-
tion models do not satisfactorily account for the water cycle

Here velocitiesw and u represent vertical and horizontal of the Amazon River Basin, with the estimated moisture con-
(along x-axis) velocities of the ascending air flow, respec-vergence being half the actual amounts estimated from the

tively. Scale height:,, is defined in Eq. Z5). A closely re-

observed runoff valuesMarengq 2006§. We note that cli-

lated formula for horizontal pressure gradient can be appliednate science offers no quantitative theory of Hadley circula-

to an axis-symmetric stationary flow wiflp /9.x replaced by

radial gradientp/dr (Makarieva and Gorshko2009h).

tion based on current theories and the effects of differential
heating aloneHeld and Hoy 198Q Fang and Tung1999

Equation 87) shows that the difference between the scaleSchneider2006. Efforts to address this challenge are on-

heightshy andh (Eq. 25) of the vertical pressure distribu-

going but progress is limited (e.d.indzen and Hou1988

tions for water vapor and moist air leads to the appearanc&obinson 2006 Walker and Schneide2005 2006. In one
of a horizontal pressure gradient of moist air as a whole recent review concerning theories of general circulation the

(Makarieva and Gorshkow2007 Gorshkov et al. 2012).

understanding of atmospheric moisture and its influences,

This equation contains the ratio of vertical to horizontal ve- particularly,lack of relevant theoretical conceptsere iden-
locity. Estimating this ratio it is possible to evaluate, for tified as a persistent challenggohneider2006).

a given circulation, what sorts of horizontal pressure gradi-

Furthermore, many climate researchers readily acknowl-

ents are produced by condensation and whether these gradidge that the current incomplete understanding of the gen-
ents are large enough to maintain the observed velocities viaral circulation precludes a theory-based analysis, from fun-

the positive physical feedback described by BJ)(
For example, for Hadley cells &t,=9km, y=0.03 and
a typical ratio ofw /u~2x10-2 (Rex 1958 we obtain from

Atmos. Chem. Phys., 13, 1032056 2013

damental physical principles, of the role of latitudinal at-
mospheric mixing in stabilizing the Earth’s thermal regime
important — this is not a minor and thus neglected detalil
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but is central in debates concerning climate sensitivity (e.g.mains located in the vertical dimension and is not translated
Lindzen and Chqi2009 Trenberth et a).2010. It would onto horizontal dimension. Such a situation could take place
seem to many that new ideas are needed. If these ideas weie an atmosphere that would be much higher than it is wide.
obvious, and followed directly from current paradigms, they In the real atmosphere which is effectively very thin, most
would have already been identified and accepted — thus weart of the non-equilibrium pressure gradient is transferred to
should not be surprised that the new ideas we all seek mathe horizontal plane via rapid hydrostatic adjustment. Note
challenge conventional perspectives. We conclude that outhat Sq=S/(1—y) and S=Sq4/(1+v4), ya=Nv/Ng. The ex-

approaches are a promising new avenue for further examingpressions for condensation rates in situations with or without

tion. hydrostatic adjustment differ, respectively, by the absence or
presence of the multiplier/I1—y) in Eq. 34).
4.2 Condensation rate and hydrostatic equilibrium We emphasize that whether the hydrostatic adjustment

takes place or not, the disequilibrium gradient of total air

Let us dwell in greater detail on the physical meaning of pressure persists, being located, respectively, either in the
Eq. (34) that specifies condensation rate in a unit volume.horizontal or in the vertical dimension. Note thatSit= Sy
The second term in brackeigyy/N)dN/dz, describes how then § = Sq =0, condensation is absent and atmospheric
the molar density of vapor would change during adiabaticpressure is in equilibrium in all directions (see Appendix A).
ascent if the water vapor were non-condensable and there When asking for feedback on earlier versions of this text
would be no condensation in the column. This referenceseveral readers assumed that B4) for condensation rate is
term is needed to discriminate the density change caused bgn approximate form of the exact express{&uq. 33). Here
condensation from the density change due to gravitationalve address this misunderstanding, see also Appendix A for
expansion. As we presume that moist ag a wholeis in more details. Equatior3@) represents a general continuity
hydrostatic equilibrium, see Eg2Q), it is total molar den-  (mass balance) equation for water vapor. It does not contain
sity N that must be used as such a reference. Indeed, totany information about condensation — indeed, it is equally
molar density remains in hydrostatic equilibrium in the ab- valid for condensatioi§ <0, evaporatior§ >0 or absence of
sence of condensation as well as in its presence. In the limiphase transitions altogethef=0. Also, it is equally valid
Ny — N Eg. 34) gives a physically meaningful resufi=0. for any dependence of on spatial coordinates, velocities,
Indeed, when atmosphere consists of water vapor anty  temperature, pressure or any other variables. In other words,
is in hydrostatic equilibrium, no condensation takes place.the continuity equation universally applies to all circulation
Condensation occurs only when water vapor distribution isevents. In the meantime, our task here is to study only those
non-equilibrium. circulation patterns that are induced by condensation asso-

When condensation is absent, dry air is in hydrostatic equiciated with adiabatic ascent. To do so, we need to specify
librium. But when water vapor condenses and its distributionterm S in Eq. (33) so we can use this equation for the deter-
is compressed several-fold compared to the hydrostatic dismination of condensation-induced pressure gradients. This
tribution, the dry air must béstretched” compared to its is done by means of Eq34), which says that: (1) in the
hydrostatic distribution. Only in this case, when the non- considered volume the only source of phase transitions is
equilibrium deficit of vapor in the upper atmosphere is com-condensation; (2) this condensation is caused by the adia-
pensated by the non-equilibrium excess of dry air, the moistatic ascent of moist saturated air (no condensation occurs
air as a whole will remain in equilibrium. The distribution of if the air moves horizontally because of isothermal surface)
Ny is non-equilibrium and cannot be used instead/ah the and (3) that the moist saturated air is in hydrostatic equilib-
reference term in Eq3@). rium. We stress that none of these specific assumptions are

The horizontal pressure gradient produced by condensacontained in the universal continuity equation (B§). (In
tion is therefore a direct consequence of hydrostatic adjusteontrast to the generally applicable E§3), Eq. (34) would
ment. The air expands upwards to compensate for vaponot be valid, for example, for the case of adiabakscent
deficit, thus its pressure at the surface diminishes in the reer for a horizontal motion along a non-isothermal surface.)
gion of ascent. If no hydrostatic adjustment took place, theWe emphasize that (Eq. 34) is based on specific physical
dry air would remain in hydrostatic equilibrium (while moist considerations, not on formal mathematical analogies.
air as a whole would not). In this case dry air molar den-
sity Ng could be used in the reference term in E84)( 4.3 Regarding previous oversight of the effect
Putting Nyq instead of N in Eq. (34), i.e., replacingS by
Sq=0Ny/0z—(Ny/Nq)dNg/9z in Eg. 33), and performing  For many readers a major barrier to acceptance of our propo-
all the derivations in Sect. 4.1, one obtafys/d0x=0. This  sitions may be to understand how such a fundamental physi-
result is obvious: in the absence of hydrostatic adjustmentcal mechanism has been overlooked until now. Why has this
the dry air distribution is not affected by condensation andtheory come to light only now in what is widely regarded as
remains in equilibrium both in horizontal and vertical dimen- a mature field? We can offer a few thoughts based on our
sions. The non-equilibrium gradient of total air pressure re-readings and discussions with colleagues.

www.atmos-chem-phys.net/13/1039/2013/ Atmos. Chem. Phys., 13, 103%4§ 2013



1048 A. M. Makarieva et al.: Condensation-induced atmospheric dynamics

The condensation-induced pressure gradients that we havies with P—E~5mmd1=5.8x10"°kgH,Om2s~1 and
been examining are associated with density gradients thalt/ h~2x10® we obtainu;~1 cmsL. For regions where pre-
have been conventionally considered as minor and thus igeipitation and evaporation are smaller, the valueofill be
nored in the continuity equation (e.dSabato 2008. For  smaller too. For examplé,orenz(1967) estimated:; to be
example, a typicah p=50 hPa pressure difference observed ~0.3 cm s for the air flow across latitude 4.
along the horizontally isothermal surface between the outer With p~pq the value ofu; can be understood as the mass-
environment and the hurricane center (ekp/land 1980 weighted horizontal velocity of the dry atwater vapor mix-
is associated with a density difference of only around 5 %.ture, which is the so-called barycentric velocity, see, e.g.,
This density difference can be safely neglected when esti{Wacker and Herber2003 Wacker et al.2006. There is no
mating the resulting air velocity from the known pres- net flux of dry air between the regions of ascent and descent,
sure differenceq\p. Here the basic scale relation is given but there is a net flux of water vapor from the region of de-
by Bernoulli's equationpu?/2=Ap. The pointis thata5% scent to the region of ascent. This leads to the appearance of
change inp does not significantly impact the magnitude of a non-zero horizontal velocity; directed towards the region
the estimated air velocitat a givenAp. But, as we have of ascent. Similarly, vertical barycentric velocity at the sur-
shown in the previous section, for the determination of theface isw,~(E — P)/p (Wacker and Herber2003, which
pressure gradient (EQ7) the density difference and gradi- reflects the fact that there is no net flux of dry air via the
ent (Eq.36) are key. Earth’s surface, while water vapor is added via evaporation

Considering the equation of state (E&) for the or removed through precipitation. The absolute magnitude
horizontally isothermal surface we have=Cp, where  of vertical barycentric velocity, for the calculated tropical
C=RT/M=const. Irrespective of why the considered means is vanishingly smalk, ~+0.05mms?.
pressure difference arises, from Bernoulli's equation We speculate that the low magnitude of barycentric ve-
we know thatu?=2Ap/p=2CAp/p, Ap=po—p. Thus, locities has contributed to the judgement that water's phase
if one puts Ap/p=Ap/p equal to zero, no veloc- transitions cannot be a major driver of atmosphdyigamics
ity forms and there is no circulation. Indeed, we However, barycentric velocities should not be confused with
have u?=2Ap/p=2CAp/p=2C(Ap/po)(A+Ap/po+...). the actual air velocities (e.gMeesters et al2009. Unlike
As one can see, discardingo compared tqp does indeed the former, the latter cannot be estimatdthout considering
correspond to discarding the higher order term of the small-atmospheric pressure gradienflakarieva and Gorshkov
ness parametexp/p. But with respect to the pressure gradi- 20099. For example, in the absence of friction, the maxi-
ent, the main effectis proportional to the smallness parametemum linear velocityu. that could be produced by conden-
Ap/po itself. If the latter is assumed to be zero, the effect is sation in a linear circulation pattern in the tropics constitutes
overlooked. We suggest that this dual aspect of the magnitude
of condensation-related density changes has not been recog-
nized and this has contributed t)é the n?aglect of condensationgc =v2ap/p~40mst>u,. (39)

associated pressure gradients in the Earth’s atmosphere. Here Ap was taken equal to 10hPa as estimated from
Furthermore, the consideration of air flows associated Witth_ (37) for Hadley cell in Sect. 4.1. As one can see

phase transitions of water vapor has been conventionally re(Eq_ 39) is much greater than, (Eq. 38). As some part of
duced to t_he consideration of t_he net fluxes of magleon_ng potential energy associated with the condensation-induced
the associated pressure gradienBuppose we have a linear ,reqqyre gradient is lost to frictioMakarieva and Gorshkov
circulation pattern divided into the ascending and descendyngy real air velocities observed in large-scale circulation

. X L . 5 1
ing parts, with similar evaporation rates(kg HoOM™“s™) 510 a1 order of magnitude smaller than but still nearly
in both regions. In the region of ascent the water vapor Préihree orders of magnitude greater than

cipitates at a raté. This creates a mass sirfi— P, which

has to be balanced by water vapor import from the region of4.4  The dynamic efficiency of the atmosphere

descent. Approximating the two regions as boxes of height

h, lengthl and widthd, the horizontal velocity;, associated We will now present another line of evidence for the im-

with this mass transport can be estimated from the mass baportance of condensation-induced dynamics: we shall show

ance equation that it offers an improved understanding of the efficiency

(P—E) I with which the Earth’s atmosphere can convert solar energy
—. (38) into kinetic energy of air circulation. While the Earth on
h average absorbs aboit2.4x02W m~2 of solar radiation

Equation 88) says that the depletion of air mass in the (Raval and Ramanathafh989, only a minor part;~10~2

region of ascent at a total rate dfi(P — E) is com-  of this energy is converted to the kinetic power of atmo-

pensated for by the horizontal air influx from the re- spheric and oceanic movemehtrenz (1967 p. 97) notes,

gion of descent that goes with velocity, via vertical  “the determination and explanation of efficienggonstitute

cross-section of aread. For typical values in the trop- the fundamental observational and theoretical problems of

ld(P— E)=u,;phd, u; =
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atmospheric energetics”. Here the condensation-induced dyavailable estimate of efficienaymade from the basic phys-
namics yields a relationship that is quantitative in nature andcal parameters that characterize the atmosphere.
can be estimated directly from fundamental atmospheric pa-
rameters. 4.5 Evaporation and condensation

A pressure gradient is associated with a store of poten-
tial energy. The physical dimension of pressure gradient coWhile condensation releases the potential energy of atmo-
incides with the dimension of force per unit air volume, spheric water vapor, evaporation, conversely, replenishes it.
i.e. 1Panmtl=1Nm3. When an air parcel moves along Here we briefly dwell on some salient differences between
the pressure gradient, the potential energy of the pressurevaporation and condensation to complete our picture regard-
field is converted to the kinetic energy. The dimension ofing how the phase transitions of water vapor generate pres-
pressure is identical to the dimension of energy density:sure gradients.
1Pa=1Nm2=1JnT3. As the moist air in the lower part of Evaporation requires an input of energy to overcome the
the atmospheric column rises to height where most part  intermolecular forces of attraction in the liquid water to free
of its water vapor condenses, the potential energy releasethe water molecule to the gaseous phase, as well as to com-
amounts to approximateBps (Eq.27). The potential energy press the air. That is, work is performed against local atmo-
releasedr, per unit mass of water vapor condensed, dimen-spheric pressure to make space for vapor molecules that are

sion J (kg HO)~1, thus becomes being added to the atmosphere via evaporation. This work,
associated with evaporation, is the source of potential energy
dps  RTs MygTs . . . .
my(Tg) = — = o 1- . (40) for the condensation-induced air circulation. Upon conden-
Pv \ s

sation, two distinct forms of potential energy arise. One is
The global mean precipitation rate is associated with the potential energy of raised liquid drops —
P~10°kgH,0m~2yr~1 (Lvovitch, 1979, global mean  this potential energy dissipates to friction as the drops fall.
surface temperature i$;=288K and the observed mean The second form of potential energy is associated with the
tropospheric lapse ratB,=6.5Kkm~1 (Glickman 2000). formation of a non-equilibrium pressure gradient, as the re-
Using these values and pulttiit instead of the moist adi- moval of vapor from the gas phase creates a pressure short-
abatic lapse rat€s in Eq. @40), we can estimate the global age of moist air aloft. This pressure gradient produces air
mean ratell,=Pm, at which the condensation-related po- movement. In the stationary case total frictional dissipation
tential energy is available for conversion into kinetic energy.in the resulting circulation is balanced by the fraction of solar
At the same time we also estimate the efficiemeyIl, /I power spent on the work associated with evaporation.
of atmospheric circulation that can be generated by solar Evaporation is, fundamentally, a surface-specific process
energy via the condensation-induced pressure gradients: because it represents a flux of water molecules via the sur-
) face of liquid. In contrast, condensation is a volume-specific
My = Py ~35Wm™=, 5 ~0.015 (41) process ?hat affects vapor molecules distributed in a?:ertain
Thus, the proposed approach not only clarifies the dynamicsolume. The balance between condensation and evaporation
of solar energy conversion to the kinetic power of air move-demands that to compensate for the amount of moisture con-
ment (solar power spent on evaporatien condensation- densed in a certain volume vapor must be transported to
related release of potential powes kinetic power gener- that local volume via its borders. Adding more gas to a gas
ation), but it does so in a quantiatively tractable manner,volume where condensation has occurred is associated with
explaining the magnitude of the dissipative power associ-compression of the gas in the volume and, hence, with per-
ated with maintaining the kinetic energy of the Earth’s at- forming work on the gas.
mosphere. In the stationary case, as long there is a supply of en-
Our estimate of atmospheric efficiency differs fundamen-ergy and the relative humidity is less than unity, evaporation
tally from a thermodynamic approach based on calculatingfrom the planetary surface is adding water vapor to the atmo-
the entropy budgets under the assumption that the atmospheric column without changing its temperature. The rate of
sphere works as a heat engine, €2guluis et al.(2000; evaporation is affected by turbulent mixing and is usually re-
Pauluis and Hel@0023ab), see alsdvakarieva et al(2010). lated to thehorizontalwind speed at the surface. The global
The principal limitation of the entropy-budget approach is mean power of evaporation cannot exceed the power of solar
that while the upper bounds on the amount of work tioatld radiation.
be produced are clarified, there is no indication regarding the The primary cause of condensation is the cooling of air
degree to which such worls actually performed. In other masses as the moist air ascends and its temperature drops.
words, the presence of an atmospheric temperature gradiefrovided there is enough water vapor in the ascending air, at
is insufficient to guarantee that mechanical work is produceda local and short-term scale, condensation is not governed by
In contrast, our estimate (E41) is based on an explicit cal- solar power but by stored energy and can occur at an arbitrar-
culation of mechanical work derived from a defined atmo- ily high rate dictated by theertical velocity of the ascending
spheric pressure gradient. It is, to our knowledge, the onlyflow, see Eq. 34).
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Any circulation pattern includes areas of lower pressurein contrastdecreasest, the evaporation process is signifi-
where air ascends, as well as higher pressure areas wherecantly more even and uniform spatially than is condensation.
descends. Condensation rates are non-uniform across theR®ughly speaking, in the considered example evaporation in-
areas — being greater in areas of ascent. Importantly, in sucbreases pressure near equally in the regions of ascent and
areas of ascent condensation involves water vapor that is lodescent, while condensation decreases pressure only in the
cally evaporated along with often substantial amounts of ad+egion of ascent. Moreover, as discussed above, the rate at
ditional water vapor transported from elsewhere. Thereforewhich the air pressure is decreased by condensation in the
the mean rate of condensation in the ascending region ofegion of ascent is always higher than the rate at which lo-
any circulation pattern islwayshigher than the local rate cal evaporation would increase air pressure. The difference
of evaporation. This inherent spatial non-uniformity of the between the two rates is particularly marked in heavily pre-
condensation process determines horizontal pressure gradiipitating systems like hurricanes, where precipitation rates
ents. associated with strong updrafts can exceed local evaporation

Consider a large-scale stationary circulation where the rerates by more than an order of magnitude (&.genberth and
gions of ascent and descent are of comparable size. A relFasullg 2007).
evant example would be the annually averaged circulation We have so far discussed the magnitude of pressure gradi-
between the Amazon River Basin (the area of ascent) anénts that are produced and maintained by condensation in the
the region of Atlantic ocean where the air returns from theregions where the moist air ascends. This analysis is applica-
Amazon to descend depleted of moisture. Assuming thable to observed condensation processes that occur on differ-
the relative humidity at the surface, horizontal wind speedent spatial scales, as we illustrated on the example of Hadley
and solar power are approximately the same in the two recell. We emphasize that to determinderethe ascending
gions, mean evaporation rates should be roughly similar asir flow and condensation predominantly occur is a separate
well (i.e., coincide at least in the order of magnitude). How- physical problem. For example, why the updrafts are located
ever, the condensation (and precipitation) rates in the two reever the Amazon and the downdrafts are located over the
gions will be consistently different. In accordance with the Atlantic ocean and not vice versa. Here regional evapora-
picture outlined above, the average precipitation m{en tion patterns play a crucial role. In Sect. 4.1 we have shown
the area of ascent should be approximately double the avthat constant relative humidity associated with surface evap-
erage value of regional evaporation rdig. The pressure oration, which ensures thatvy/dx=0, is necessary for the
drop caused by condensation cannot be compensated by Igondensation to take place. Using the definitionr dEq. 2)
cal evaporation so as to produce a net zero effect on air pre€q. (37) can be re-written as follows:
sure. This is because in the region of asdauth the local
water vapor evaporated from the forest canopy of the Ama-
zon forest at a rat&~ Eq4 as well as imported water vapor
evaporated from the ocean surface at a Ejeprecipitate,  This equation shows that the decrease afith height and,
Ps=E4+Ea. This is confirmed by observations: precipita- hence, condensation is only possible whemgrows in the
tion in the Amazon river basin is approximately double the horizontal directiondIny /dx>0. Indeed, surface pressure
regional evaporationP;~2E5 (Marengq 2004. The differ- is lower in the region of ascent. As the air moves towards the
ence between regional rates of precipitation and evaporationegion of low pressure, it expands. In the absence of evapo-
on land,R=Py—Ex~E3, is equal to regional runoff — aerial ration, this expansion would make the water vapor contained
or liquid. In the region of descent the runoff thus defined isin the converging air unsaturated. Condensation at a given
negative and corresponds to the flux of water vapor that isheight would stop.
exported away from the region with the air flow. Whetés Evaporation adds water vapor to the moving air to keep
positive, it represents the flux of imported atmospheric watemwater vapor saturated and sustain condensation. The higher
vapor and the equal flux of liquid water that leaves the regionthe rate of evaporation, the larger the ratigu at a given
of ascent to the ocean. dy/dz and, hence, the larger the pressure gradient 8#y.

The fact that the climatological means of evaporation andthat can be maintained between the regions of ascent and
precipitation are seldom observed to be equal has been recdescent. A small, but persistent difference in mean evapo-
ognized in the literature (e.d/Vacker and Herber2003, as  ration AE <E between two adjacent regions, determines the
has the fact that local mean precipitation values are consispredominant direction of the air flow. This explains the role
tently larger than those for evaporation (elgenberth etal.  of the high leaf area index of the natural forests in keep-
2003. ing evaporation higher than evaporation from the open wa-

The inherent spatial non-uniformity of the condensationter surface of the ocean, for the forests to become the re-
process explains why it is condensation that principally de-gions of low pressure to draw moist air from the oceans
termines the pressure gradients associated with water vapaand not vice versaMakarieva and Gorshkew2007, 201Q
So, while evaporation is adding vapor to the atmosphereMakarieva et al.2013. Where the surface is homogeneous
and thusincreasinglocal air pressure, while condensation with respect to evaporation (e.g., the oceanic surface), the

BIny:_EB_y (42)
ox u oz
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spatial and temporal localization of condensation events is  “It has been pointed out by many writers that it is
likely to fluctuate in a random fashion. impossible to derive a theory of the general circu-
lation based on the known value of the solar con-
5 Discussion: condensation dynamics versus stant, the constitution of the atmosphere, and the
differential heating in the generation of distribution of land and sea ... It is only possible
atmospheric circulation to begin by assuming the known temperature dis-

tribution, then deriving the corresponding pressure

In Sect. 2 we argued that condensation cannot occur adia-  distribution, and finally the corresponding wind
batically at constant volume but is always accompanied by circulation”.
a pressure drop in the local air volume where it occurs. We
concluded that the statement that “the pressure drop by adi- Brunt's difficulty relates to the realization that pressure
abatic condensation is overcompensated by latent heat irdifferences associated with atmospheric temperature gradi-
duced pressure rise of the aiPdsch| 2009 p. S12437) was ents cannot be fully transformed into kinetic energy. Some
not correct. In Sect. 3 we quantified the pressure change prcoenergy is lost to thermal conductivity without generating me-
duced by condensation as dependent on altitude in a columahanical work. This fraction could not be easily estimated by
in hydrostatic balance, to show that in such a column thetheory in his era — and thus it has remained to the present.
pressure drops upon condensation everywhere in the loweFhe development of computers and appearance of rich satel-
atmosphere up to several kilometers altitude, Fig. 1c. Thdite observations have facilitated empirical parameterizations
estimated pressure drop at the surface increases exponeto replicate circulation in numerical models. However, while
tially with growing temperature and amounts to over 20 hPathese models provide reasonable replication of the quantita-
at 300K, Fig. 1b. tive features of the general circulation they do not constitute

In Sect. 4 we discussed the implications of the a quantitative physical proof that the the observed circulation
condensation-induced pressure drop for atmospheric dynamis driven by pressure gradients associated with differential
ics. We calculated the horizontal pressure gradients produceleating. AsLorenz (1967, p. 48) emphasized, although “it
by condensation and the efficiency of the atmosphere as a dys sometimes possible to evaluate the long-term influence of
namic machine driven by condensation. Our aim throughouteach process affecting some feature of the circulation by re-
has been to persuade the reader that these implications aoeurse to the observational data”, such knowledge “will not
significant in numerical terms and deserve a serious discushy itself constitute an explanation of the circulation, since it
sion and further analysis. We will conclude by discussingwill not reveal why each process assumes the value which it
condensation in contrast to differential heating, the latter con-does”.
ventionally considered the major driver dominating atmo- In comparison to temperature-associated pressure differ-
spheric dynamics. ence, the pressure difference associated with water vapor

Atmospheric circulation is only maintained if, in agree- removal from the gas phase can develop over a surface of
ment with the energy conservation law, there is a pressureiniform temperature. In addition, this pressure difference
gradient to accelerate the air masses and sustain the existirig physically anchored to the lower atmosphere. Unlike the
kinetic energy of air motion against dissipative losses. Fortemperature-related pressure difference, it does not demand
centuries, starting from the works of Hadley and his prede-the existence of some downward transport of the pressure
cessors, the air pressure gradient has been qualitatively agradient from the upper to the lower atmosphere (i.e., the
sociated with the differential heating of the Earth’s surfacedivergence aloft from the warmer to the colder column as
and the Archimedes force (buoyancy) which makes the warndiscussed above) to explain the appearance of low altitude
and light air rise, and the cold and heavy air sink (e3ill,, pressure gradients and the generation of surface winds.
1982 p. 24). This idea can be illustrated by Fig. 1c, where Furthermore, as the condensation-related pressure differ-
the warmer atmospheric column appears to have higher aiencesps is not associated with a temperature difference,
pressure at some heights than the colder column. In the corthe potential energy stored in the pressure gradient can be
ventional paradigm, this is expected to cause air divergenceearly fully converted to the kinetic energy of air masses
aloft away from the warmer column, which, in its turn, will in the lower atmosphere without losses to heat conductivity.
cause a drop of air pressure at the surface and the resultinghis fundamental difference between the two mechanisms of
surface flow from the cold to the warm areas. Despite thepressure fall generation can be traced in hurricanes. Within
physics of this differential heating effect being straightfor- the hurricane there is a marked pressure gradient at the sur-
ward in qualitative terms, the quantitative problem of pre- face. This difference is quantitatively accountable by the con-
dicting observed wind velocities from the fundamental phys-densation procesdakarieva and Gorshkg2009h 2011).
ical parameters has posed enduring difficulties. Slightly moreln the meantime, the possible temperature difference in the
than a decade before the first significant efforts in computetupper atmosphere that might have been caused by the dif-
climate modelling,Brunt (1944 as cited bylLewis (1999 ference in moist versus dry lapse rates between the regions
wrote: of ascent and descent is cancelled by the strong horizontal
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mixing (Montgomery et al. 2006. Above approximately very much hope that our present account will provide a spur
1.5km the atmosphere within and outside the hurricane idor further investigations both theoretical and empirical into
approximately isothermal in the horizontal directidvant- these important, but as yet imperfectly characterized, phe-
gomery et al. 2006 Fig. 4), see als&naff et al. (2000. nomena.

Therefore, while the temperature-associated pressure differ-

ence above heighi., Fig. 1c, is not realized in the atmo- )

sphere, the condensation-associated pressure difference baPPendix A

low heightz. apparently is. . ) .
Some hints on the relative strengths of the circulation©On the physical meaning of Eq. (34) for condensation rate

driven by differential heating compared to condensation- _ . .
induced circulation can be gained from evaluating wind Ve_Equann (34) expresses condensation ratg as the c!lfference
locities in those real processes that develop in the lower at_between @ .the total change of vapor_dens_lty with hg|ght and
mosphere without condensation. These are represented k‘ ) the density Change caused. by adlapatlc expansion. Here
e explore the physical meaning of this expression from a

dry (precipitation-free) breezes (such as diurnal wind pat-" .
terns driven by the differential heating of land versus sea sur-d'ﬁerem perspective. We shall show that Eq. (34) follows

faces) and dust devils. While both demand very large tempergirectly from the condition that the vertical distribution of

ature gradients (vertical or horizontal) to arise as compared"©iSt &ir remains in equilibrium under the assumption that

to the global mean values, both circulation types are of Cc)m_condensatlon rat§ is linear over the amount of vapor (i.e.,

paratively low intensity and have negligible significance to condensable gas) in the atmosphere.
the global circulation. For example, dust devils do not in-
volve precipitation and are typically characterized by wind
velocities of several meters per secofihglair, 1973. The
other type of similarly compact rotating vortexes —tornadoestheg |inearity assumption is justified by the particular physi-
— that are always accompanied by phase transitions of wat€fa| nature and stoichiometry of condensation, with gas turn-
— develop wind velocities that are at least an order of magnijnq 10 liquid: condensation is a first-order reaction over satu-
tude higher \Vurman et al.199§. More refined analyses of  (ateq molar densityy of the condensing gas. This can be
Hadley circulation Kield and Hou 1980 point towards the  gyperimentally tested by considering condensation of wa-
same conclusion: theoretically described Hadley cells driveng, \with different isotopic composition (e.gFluckiger and
by differential heating appear to be one order of magnitudeRossj 2003. (Note, for example, that the reverse process
weaker than the observed circulatidte{d and Hoy 198Q (evaporation) is a zero-order reaction ov&r)
Schneider2009, see alsCaballero et al(2008. While the  The rate of first-order reactions is directly proportional
theoretical description of the general atmospheric circulationyy the molar density of the reagent, with the proportional-
remains unresolved, condensation-induced dynamics offerﬁy constant having the dimension of inverse tiffe= C Ny
a possible solution (as shown in Sect. 4.1). ~ whereC (dimension 5%) is in the general case independent
Our approach and theory have other significant impli- o n: |n chemical kinetics depends on temperature and
cations. Some have been discussed in previous papergye molecular properties of the reagent as follows from the
for example with regard to the development of hurricanes)ay, of mass action. Since the saturated concentratipof
(Makarieva and Gorshko2009ab) and the significance of  condensable gas depends on temperature as dictated by the
vegetation and tgrrestnal evaporation fluxes in determ'”'”gCIausius-CIapeyron law, we can ask what the proportionality
large scale continental weather patterMakarieva et al.  coefficientC physically means in this case. Different sub-
2006 2009 Makarieva and Gorshko2007, Sheil and Mur- gtances have different partial pressures of saturated vapor at
diyarsq 2009. Recently accumulated evidence directly doc- oy given temperature — this is controlled by the vaporization
uments air flows induced by the phase transitions of water vaggnstantz, and the molecular properties of the substance.
por (Chikoore and Jury2010. Other implications are likely  Note t0o that for any given substance (like water) the satu-
to be important in predicting the global and local nature of (5teq concentration depends on various additional parameters
climate change — a subject of considerable concern and depc|yding the curvature of the the liquid surface and availabil-
bate at the present tim®iglke et al, 2009 Schiermeier  jr of condensation nuclei. Therefore, a range of saturated
2010. concentrations is possible at any given temperature. This al-

In summary, although the formation of air pressure gra-|o,s one to conside€ and Ny as independent variables in
dients via condensation has not received adequate theoretine space of all possible combinationstand Ny.

cal attention in climatological and meteorological sciences,

here we have argued that this lack of attention has been unA2  The equilibrium

deserved. Condensation-induced dynamics emerges as a new

field of investigations that can significantly enrich our under- The notions of equilibrium and deviation from it are key to
standing of atmospheric processes and climate change. Waetermining the rate of any reaction. For example, in the case

Al Linearity of condensation rate over the molar
density Ny, of water vapor

Atmos. Chem. Phys., 13, 1032056 2013 www.atmos-chem-phys.net/13/1039/2013/



A. M. Makarieva et al.: Condensation-induced atmospheric dynamics 1053

of evaporation the deviation from equilibrium is measured

by the water vapor deficit: the deviation of relative humidity kyNy 4+ kdNg = 0, (A4)
from the (equilibrium) unity value. Atmospheric condensa-

tion is peculiar in being physically associated with air move- 1 9Ny 1 9Ng

ment in a particular direction — water vapor condenses as thév = N 8z k, ka= “Ng 9z k. (AS)

air moves vertically towards a lower temperature.
Here, in the context of this derivation, by invoking the con-  The value ofk, describes the intensity of the mass sink.
cept ofequilibriumwe mean the vertical distribution that the |n the case of water vapd, > 0 is caused by a steep ver-
water vapor would locally take in the absence of condensatical temperature gradient that causes vapor to condense
tion, all other conditions being equal. Let us denote the in-(Makarieva and Gorshkov2007 Gorshkov et al. 2012
verse scale height of such an equilibrium distributionkier ~ Sect. 3). From consideration of the Clausius-Clapeyron law
Condensation ratg is then proportional to the first order de- and hydrostatic equilibrium one can see that
viation ky of theobservedrertical distribution of water vapor
from the equilibrium: LT Mg

by = —s — —=, A6
VT RT2 RT (A6)

— ke. Al . N .
Ny 0z E (A1) whereL is molar vaporization constarit,= —97/dz is tem-

perature lapse rate, aid is molar mass of air.

The value ofy is controlled by temperature lapse rate-
eping all other variables constant, chandirigis possible
for ky to take any valuer-oco < ky < co. This validates our
assumption that, can be kept independent &, when in-
vestigating the limit behaviovy, — 0 in Eq. A10): for any
Ny (e.g., set by ambient temperature) any valug,ofan be
prescribed by changing.

The physics of Eq.A1) consists of the fact that the character

of the considered equilibrium distribution is not affected by ke

condensation. For example, for the casé&ydrostatic equi-

librium any gas having molar magd, temperaturel’ and

finding itself on a planet with acceleration of gravityn the

presence of a temperature gradiefit/ 0z will have a distri-

bution of its molar density following-a N /dz = ke N, where

ke=Mg/RT + (1/T)aT/dz. (But note that Eq.A1) can

also be applied to describe physical equilibria of a differentA4 The limit behaviour 3Ng/dx — 0

nature. For example, in a vertically isothermal atmosphere in

the absence of gravite = 0.) Using Egs. (32), (33) andNy/dx =0 we obtain (see also
Such a formulation (proportionality of condensation rate Gorshkov et al.2012):

to ky) presumes that the deviatian of the vertical distribu-

tion of water vapor from equilibrium is due to condensation 9Ny

alone. (This premise is empirically testable: where conden 5

sation is absent, the vertical water vapor distribution should

have the same scale height as the non-condensable gases awere

moist air as a whole.) This removes the need to consiger

as the saturated vapor concentration. Whee: 0, the con-  Sy=w <

densation rate is zero independent of whether water vapor is

saturated or not. Wheh, £ 0, Ny is saturated water vapor

by formulation.

1
W

=—, A8
0z 0z (A8)

The magnitude of condensation ratén Eq. (A7) remains
unknown. Note that under terrestrial conditionsd > 1.

A3 Distribution of vapor, dry air and moist air as Putting Eq. £3) into Eq. (A7) using Eq. f4) we obtain:

a whole 9Ng

I/t_
We write the condition that moist air with molar densiyis dx
in equilibrium in the vertical dimension as:

19N

Ny S
= —wkyNg [ 1+ = ) A9
wky d<+Nd+wkav) (A9)

Now puttingS = CNy into Eq. A9) we have

(A10)

= _wkv_
Condensation causes the distribution of vapgrto de- dx “

viate from the equilibrium distribution. The condition that \ye require thab Ng/dx — 0 at Ny — 0 (no horizontal den-
moist air as a whole nevertheless remains in equilibriumg;yy, gradient in the absence of condensable substance). This
causes dry aiNg to also deviate from the equilibrium —but o dition follows from considering that, aside from conden-
in the opposite direction to the vapor: sation, there are no processes in the atmospheric column that
Ny d would make the air distribution deviate from a static equilib-
57 = kN, == = (k+kd) N, (A3)  rjum. This limit is general and should apply to all conditions,
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including cases where all other variables in E&LQ) are in-  Acknowledgementsie thank D. R. Rosenfeld and H. H. G.
dependent ofVy. From this condition we obtai@ = —wky Savenije for disclosing their names as referees in the ACPD dis-

and cussion of the work oMakarieva et al(2008 and D. R. Rosenfeld
for providing clarifications regarding the derivation of the estimate
S = —wkyNy, (A11) of condensation-related pressure change as givePobghl (2009

p. S12436). We acknowledge helpful comments of K. E. Trenberth
which is Eq. (34). An experiment to test this relationship towards a greater clarity of the presentation of our approach.
would be to consider a circulation with given vertical and The authors benefited greatly from an exciting discussion of
horizontal velocitiess andu, setk, and Ng and change the condensation-related dynamics with J. I. Belanger, J. A. Curry,

. . - G. M. Lackmann, M. Nicholls, R. A. Pielke, G. A. Schmidt, A. Sei-
saturated molar densityy by either changing the condens mon and R. M. Yablonsky. We thank all people who discussed

able gas or the amount of condensation nuclei in the atrnOf)ur work, both in the ACPD discussion and in the blogosphere,

sphere or temperature (see below) or both. One will observe, particular, J. Condon, J. A. Curry, L. Liliegren, N. Stokes

that as the condensable gas disappears from the atmosphefgqg a. watts for hosting the discussions on their blogs. We are
the horizontal pressure gradients vanish. (It is interesting tQyrateful to P. Restrepo for his interest and help in finding potential
note the following. Given that the spatial distribution /6§ reviewers for our work. AMM acknowledges the essential role of
is exponential Ny (z) = Noexp(—z/ hy), the local condition  S. Mclintyre’s blog where she came in contact with J. A. Curry.
Ny — 0 corresponds to complete disappearance of the conWe sincerely thank our two referees, J. A. Curry and |. Held, for
densable component from the atmosphere and restoration dfieir valuable input. We gratefully acknowledge the commitment
equilibrium in the horizontal plane. In comparison, the local @nd insight of A. Nenes and the entire ACP Executive Committee
conditionk, — 0 does not presume that condensation is abJn handll_ng our contrlbutlor\. BLL thanks t_he us Natl.onal Suenc_,e
sent everywhere else in the atmosphere (it is plausible thafoundation and UC Agricultural Experiment Station for their
. . . artial support.

ky changes stepwise at the point where condensation cont’
mences).) . . ) . Edited by: A. Nenes

In Eq. (A1l) condensation rate§ is a linear function
of three independent variables: vertical velocity local  Editor Comment.The authors have presented an entirely new
amount of vapowVy and deviatiorky of vapor from the equi-  view of what may be driving dynamics in the atmosphere. This
librium distribution &, can be characterized as the “condens- new theory has been subject to considerable criticism which any
ability strength” of atmospheric vapor). Note an interesting reader can see in the public review and interactive discussion of the
relationship: withS given by Eq. A11) andy = Ny/N we manuscript in ACPD Http://www.atmos-chem-phys-discuss.net/
haveSy—S = Syq = Sqy. WhensS = Sqwe haveS = Sy = 0: 10/24015/2010/acpd-10-24015-2010-discussion)atrhlormally,
condensation is absent. the negative reviewer comments would not lead to final acceptance
and publication of a manuscript in ACP. After extensive deliber-
ation however, the editor concluded that the revised manuscript
still should be published — despite the strong criticism from the

Equations (32) and (33), taken together, contain the infor_e_steemed reviewers — to_promote corjtir_wuation of the scientific
mation that it is water vapor and not dry air that undergoesdlalqgue on the controversial theory. This is not an endorsement or
condensation. Equation (34) contains information about theconflrmatlon of the theory, bgt rather a call for further developmen.t
magnitude of deviation from equilibrium that causes conden—o-f the arguments pr-esemed n the_ paper that shall _|ead o con_c_luswe
disproof or validation by the scientific community. In addition

sation. Jointly considered, these facts are sufficient to deteft, he above manuscript-specific comment from the handling

mine the horizontal pressure gradient produced by the vapogditor, the following lines from the ACP executive committee shall
sink. provide a general explanation for the exceptional approach taken in
Note that in Eq. A7) any small difference of the order this case and the precedent set for potentially similar future cases:
of y4 betweenS and Sq is multiplied by a large magnitude (1) The paper is highly controversial, proposing a fundamentally
1/y4> 1 and thus has a profound influence on the magni-new view that seems to be in contradiction to common textbook
tude of the horizontal gradiemNg/dz. We emphasize the knowledge.. (2) The majority of reviewers and experts in the field
point we made in Sect. 4.2: if it were dry air to be in equi- seem to pllsagr_ee, whereas some coIIeagu_es provide suppo_rt, and
librium, i.e. ke = —(1/Ng)dNg/dz, the same consideration the handling editor (and the executive committee) are not convinced

: . A that the new view presented in the controversial paper is wrong.
of the same equations would givaVa/dx = 0 instead of (3) The handling editor (and the executive committee) concluded

8Nd./_8x.= S/u as_ln the case _When 't, is moist air that is in to allow final publication of the manuscript in ACP, in order to
equilibrium. The impact of this physical process on atmo- tacilitate further development of the presented arguments, which
spheric dynamics remains unexplored. may lead to disproof or validation by the scientific community.

A5  Appendix summary
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