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Abstract

It is shown from the mass conservation and the continuity equations that the net ecosystem exchange (NEE) of a scalar

constituent with the atmosphere should be

NEE �
Z zr

0

@�c

@t
dz� �w0c0�r � �wr �cr ÿ 1

zr

Z zr

0

�cdz

� �
where the ®rst term on RHS is the storage below the height of observation (zr), the second term is the eddy ¯ux, and the third

term is a mass ¯ow component arising from horizontal ¯ow convergence/divergence or a non-zero mean vertical velocity (�wr)

at height zr . The last term, unaccounted for in previous studies of surface-air exchanges, becomes important over tall

vegetation and at times when the vertical gradient of the atmospheric constituent ��cr ÿ �1=zr�
R zr

0
�cdz� is large, as is the case

with CO2 in forests at night. Experimental evidence is presented to support the postulation that the mass ¯ow component is in

large part responsible for the large run-to-run variations in eddy ¯uxes, the lack of energy balance closure and the apparent low

eddy ¯uxes at night under stable strati®cations. Three mechanisms causing the non-zero mean vertical velocity are discussed.

Of these, drainage ¯ow on undulating terrain is the most important one for long-term ¯ux observations because only a small

terrain slope is needed to trigger its occurrence. It is suggested from the data obtained at a boreal deciduous forest that without

proper account of the mass ¯ow component, the assessment of annual uptake of CO2 could be biased signi®cantly towards

higher values. It is argued that quantifying the mass ¯ow component is a major challenge facing the micrometeorological

community. # 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

In recent years micrometeorological techniques

have been widely used in observational studies of

CO2 uptake by terrestrial ecosystems (Goulden et

al., 1996a; Black et al., 1996; Grace et al., 1995),

air-vegetation exchanges of pollutants (Fuentes et al.,

1992; Guenther et al., 1996) and trace metals

(Lindberg et al., 1997), and ecosystem processes

(Baldocchi and Harley, 1995; Hollinger et al., 1994;

Verma et al., 1986). One major concern with the
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observations is the lack of energy balance closure and

the large run-to-run variations in scalar ¯uxes, a

problem that is particularly serious over tall vegeta-

tion. Mechanisms such as advection due to inadequate

fetch (Moore and Hicks, 1973; Fitzjarrald and Moore,

1994), a mismatch of net radiometer and eddy corre-

lation (EC) footprints (Moore et al., 1996), instrument

uncertainties (Shuttleworth et al., 1988; Thompson,

1979), and descending motion associated with

stationary convective cells (Lee and Black, 1993b)

have been proposed as possible causes of the problem.

A thorough survey of the problem can be found in

Mahrt (1998).

Another problem in the forest environment, fre-

quently encountered at nights of low wind speed, is the

apparent low EC ¯ux. The best example for this is

provided by CO2 ¯ux observations (Goulden et al.,

1996b; Jarvis et al., 1997). Possible causes of the

problem include drainage ¯ow (Grace et al., 1996),

advection (Sun et al., 1997), line averaging and tube

attenuation (Moncrieff et al., 1996; Leuning and

Judd, 1996)

The objective of this study is to examine the

effect of a non-zero mean vertical velocity or hori-

zontal ¯ow divergence/convergence on the atmo-

spheric exchange over forests. Central to the study

is a formulation for the net ecosystem exchange (NEE)

of a scalar constituent with the atmosphere derived

from the mass conservation equation. It is shown

in Section 2 that a non-zero mean vertical velocity

at the height of ¯ux observations will lead to a

signi®cant additional mass ¯ow component of NEE

unaccounted for by previous studies. Data from two

forest turbulence experiments, one at Browns River

(BR, Lee and Black, 1993a, b) and the other at Prince

Albert (PA, Black et al., 1996; Lee et al., 1997;

Blanken et al., 1997), are analyzed in Section 3 to

support this new formulation. BR is a case dominated

by highly convective motions, while PA data suggests

the existence of a negative vertical velocity at night,

indicative of drainage ¯ow, even though the site was

thought to be suf®ciently ¯at and uniform to meet

micrometeorological ¯ux observation criteria. Finally,

Section 4 presents a discussion of several important

mechanisms responsible for the non-zero mean

vertical velocity and explores their implications for

quantifying NEE of CO2 between the atmosphere and

the forest vegetation.

2. Theory

Almost all micrometeorological studies of surface±

air exchange assume a zero mean vertical velocity or

zero dry air ¯ux. While this may be a good assumption

very close to the ground, there are many reasons to

question its validity over tall vegetation. For example,

the horizontal divergence rate frequently used for

scale analysis of synoptic weather systems is

10ÿ5 sÿ1 (Wallace and Hobbs, 1977), which amounts

to a vertical velocity of ÿ0.04 cm sÿ1 at the height of

40 m above the ground, or roughly two tree heights.

(In the following, this height is taken as a typical

height for observations of surface-air exchange over

forests.) The vertical velocity associated with local

thermal circulations (Segal et al., 1988; Mahrt and Ek,

1993; Sun et al., 1997), topographically modi®ed ¯ow

(Finnigan and Brunet, 1995), and divergence in con-

vective cell-like structures will be at least an order of

magnitude larger. An extended discussion on this

subject is given in Section 4.

To quantify the effect of the non-zero vertical

velocity on NEE, we begin with the conservation

equation of a scalar c in the x±z plane, ignoring the

molecular term

@c

@t
� @�uc�

@x
� @�wc�

@z
� s (1)

where axis x is aligned with the mean wind direction

and axis z is perpendicular to the local terrain surface,

s is a source term, and u and w are the velocity

components in the x and z directions, respectively.

After Reynolds decomposition and averaging, Eq. (1)

leads to

@�c

@t
� @u0c0

@x
� �u

@�c

@x
� �c

@�u

@x
� @w0c0

@z
� @��w�c�

@z
� s (2)

where primes denote departures from the mean, and

overbars denote time averaging. A more rigorous

treatment of the averaging procedure can be found

in Finnigan (1985). The air is assumed to be incom-

pressible so that

@�u

@x
� ÿ @�w

@z
' ÿ �wr

zr

(3)

where �wr is the mean vertical velocity at the height of

¯ux observation (zr). Assuming no divergence of

horizontal eddy ¯ux (term 2 on LHS of Eq. (2) � (0)
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and no horizontal advection (term 3�0) and using

Eq. (3), the integration of Eq. (2) with respect to z

yields

NEE �
Z zr

0

sdz� �w0c0�jz�0

�
Z zr

0

@�c

@t
dz� �w0c0�r � �wr��cr ÿ h�ci�

(4)

where subscript r denotes a quantity at height zr and

h�ci is the averaged concentration between the ground

and this height.

Eq. (4) illustrates that NEE should consist of three

components, storage below the height of observation

(term 1 on RHS), eddy ¯ux (term 2) and a mass ¯ow

component arising from the horizontal ¯ow diver-

gence/convergence or a non-zero mean vertical velo-

city (term 3). The last term, somewhat analogous to a

bulk heat de®cit term due to nocturnal subsidence

(Carlson and Stull, 1986), can be understood by con-

sidering a volume of air over the EC footprint as

shown in Fig. 1. Suppose that the scalar concentration

decreases with increasing height, typical for CO2 in

forests at night, and that �wr is negative. To satisfy the

continuity requirement, the negative �wr must be

balanced by a horizontal ¯ow divergence. Air entering

the volume from above carries less CO2 than air

moving out from the sides by divergence, causing a

net depletion of CO2 below zr. Conversely, a positive

�wr will cause a net accumulation in the air volume.

Obviously the mass ¯ow component becomes signi®-

cant when the vertical change in the concentration is

large. Since the mean vertical velocity is proportional

to height (Eq. (3)), the mass ¯ow effect on the ¯ux

observation over tall vegetation will be much more

pronounced than over short vegetation.

Moncrieff et al. (1996) and Sun et al. (1997) treat

the problem in a slightly different manner. They

consider the term @��u�c�=@x instead of �u�@�c=@x� as

in this study to be the advection term. It is believed that

the advection effect is con®ned to small areas down-

wind of the transitional boundary of the surface source

and can be minimized by choosing the site following

the usual fetch and footprint criteria. However, the

mass ¯ow component can be signi®cant even at an

extensive and uniform site. An example is given in

Section 4 that compares the relative importance of the

advection and mass ¯ow terms for the HAPEX-

MOBILHY forest.

3. Energy imbalance

3.1. Correcting mean vertical velocity of sonic

anemometers

It is not appropriate to directly use the mean vertical

velocity measured by 3D sonic anemometers in eval-

uating the mass ¯ow component because the signal

level is very low and can be contaminated by even a

slight zero offset in the electronics, the sensor tilt

relative to the terrain surface and the aerodynamic

shadow of the sensor structure. The problem can be

represented by a linear equation to a good approxi-

mation as

ŵ � �w� a��� � b���û (5)

where ŵ and û are the measured mean vertical and

horizontal velocities in the instrument coordinate,

respectively, �w is the true mean vertical velocity

(the velocity component along the direction normal

to the local terrain surface), and a and b are wind

direction (�) dependent coef®cients. A further crude

approximation is that �w behaves in a random fashion

so that the data ensemble can be used to evaluate a and

b by a least squares method. Once the coef®cients are

known, Eq. (5) is used to ®nd �w for each run. This

correction procedure will however cause a systematic

bias if air at the site has a preferred direction of vertical

motion, a point that should be kept in mind when

interpreting the results below.

The wind direction at BR was very steady during

the whole experiment. The same a and b values, found

Fig. 1. Schematic diagram illustrating the effect of a non-zero

vertical velocity on the surface-air exchange. Air entering the air

volume from above is balanced by a horizontal flow divergence.

This will result in a net depletion of the scalar mass from the air

volume if the mean scalar concentration decreases with increasing

height.

X. Lee / Agricultural and Forest Meteorology 91 (1998) 39±49 41



by regression of wÃ against uÃ using the whole data set,

are used to correct the vertical velocity measurement

for all the runs. For the PA site, data obtained during 2

August±19 September 1994, a period when both EC

and pro®le sensors were functioning properly, is cho-

sen for this study. Values of a and b at PA are found as

functions of � at 18 increments by linear regression

using a subset of the runs (>100 runs) whose wind

directions fall within � �78. Correction to the vertical

velocity is made with the appropriate a and b values.

The corrected mean vertical velocity does not show

either dependence on ambient conditions (temperature

and wind speed) or a long-term trend over the period

of observations.

Fig. 2 compares the corrected vertical velocities at

two EC heights. Observation at BR was conducted in

the daytime only while data at PA include both day-

time and nighttime runs. Of importance is the feature

that the data follow a line with a slope equal to the ratio

of the two measurement heights as suggested by

Eq. (3). The result indicates that the correction pro-

cedure works reasonably well on the whole, but a large

scatter is also evident.

3.2. Energy imbalance

Applying Eq. (4) to sensible heat and water vapor

exchanges, one obtains

H �
Z zr

0

@�T

@t
dz� w0T 0 � �wr��Tr ÿ h�Ti� (6)

E �
Z zr

0

@��v

@t
dz� w0�0v � �wr���vr ÿ h��vi� (7)

where H and E are the net ecosystem exchanges of

kinematic sensible heat and water vapor, respectively,

T is air temperature and �v is water vapor density. The

complete energy balance equation becomes

Rn ÿ Sÿ G � �cpw0T 0 � �w0�0v � �wr� (8)

where Rn is net radiation ¯ux density over the forest, �
is air density, cp is the speci®c heat of air at constant

pressure, � is latent heat of vaporization, G is heat ¯ux

into the soil, � � �cp��Tr ÿ h�Ti� � ����vr ÿ h��vi�, and

S is a heat storage term including sensible and latent

heat storage in the air and heat storage in the biomass.

Thermodynamic quantity � is generally negative in the

daytime and positive at night, with typical values of

ÿ2000 and 500 J mÿ3 around noon and midnight

hours, respectively (Fig. 3). As an example, a mean

vertical velocity of 5 cm sÿ1 at the EC height will

produce equivalent energy ¯uxes of ÿ100 and

25 W mÿ2 for daytime and nighttime, respectively,

or an uncertainty of roughly 20% of the observed net

radiation ¯ux in the conventional energy balance

analysis which ignores the mass ¯ow effect.

In contrast to the tall vegetation, the mass ¯ow

problem is less serious over short canopies. Using the

idealized pro®les representative of a cereal crop grow-

ing to a height of 1 m (Monteith and Unsworth, 1990)

and assuming the EC measurements are made at

z�2 m, the daytime values (nighttime values in brack-

ets) for � and ��C�� �Cr ÿ h�Ci, CO2 concentration

gradient) are estimated to be ÿ2400 J mÿ3

(2000 J mÿ3) and 1 mg mÿ3 (ÿ10 mg mÿ3). If

Fig. 2. Comparison of the corrected 30 min mean vertical velocity

at two heights at BR (a) and PA (b). The lines represent a slope

equal to the ratio of the two measurement heights.
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5 cm sÿ1 is typical for �w at the 40 m height, the

corresponding value at z�2 m will be 0.25 cm sÿ1

according to Eq. (3). Both energy and CO2 ¯uxes

resulting from the mass ¯ow are quite small (daytime

and nighttime energy ¯uxes of ÿ6 and 5 W mÿ2,

respectively, and CO2 ¯uxes of 0.0025 and

ÿ0.025 mg (CO2) mÿ2 sÿ1, respectively).

Eq. (8) shows that a negative �w will lead to a

positive energy imbalance de®ned as

I � Rn ÿ Sÿ Gÿ �cpw0T 0 ÿ �w0�0v in the daytime

or in other words, a negative correlation should exist

between �w and I. This deduction is con®rmed by both

BR and PA data shown in Fig. 4(a) and (b). In Fig. 4,

the mean vertical velocity has been corrected using the

procedure above. (Data from morning and evening

transitional periods are excluded from the analysis.)

The correlation is signi®cant at a con®dence level

<0.001. The correlation for nighttime runs is positive

(Fig. 4(c)), again in accord with Eq. (8), with a larger

relative scatter (con®dence level 0.01) expected for

measurements of energy balance components of small

magnitude at night.

However, the attempt to evaluate the mass ¯ow

component for individual runs using the corrected

mean w and measured temperature and humidity

pro®les has brought an improvement only by a mod-

erate amount of 20% to the nighttime energy balance

at PA and no improvement to the daytime energy

balance at either site. The dif®culty is mainly a

consequence of the fact that the mass ¯ow component

is a product of two independent quantities, both

suffering from large measurement uncertainties. Addi-

Fig. 3. An example showing the diurnal variations in the

thermodynamic properties � (solid line), �cp��T � �cp��Tr ÿ h�Ti�
(dash line), and ����v � ����vr ÿ h��vi� (dash±dot line) at PA on

August 8±9, 1994, where subscript r denote values at the EC height

(39.1 m above the ground).

Fig. 4. Scatter plot showing the influence of the mean vertical

velocity (�w) on the energy imbalance (I): (a) period 09±17 PST at

BR; (b) period 10±16 CST at PA; (c) period 22±04 CST at PA.
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tionally, the w correction method does not allow a non-

zero value for the long-term averaged mean vertical

velocity, which as noted above, will introduce a

systematic bias to the evaluation if the site generates

a preferred direction of vertical motion.

4. Qualitative discussion

4.1. Mechanisms responsible for non-zero �w

4.1.1. Convection

It is a well-known phenomenon in the convective

boundary layer that ascending motion is con®ned to

thin walls surrounding large columns of relatively

slow descending motion at a horizontal scale of 1±

2 km (Stull, 1988; Garratt, 1992). Vertical velocities

as large as 10 cm sÿ1 are possible at 40 m above the

ground within the descending air column according to

the simulation study of Moeng (1984). The large eddy

simulation of Schmidt and Schumann (1989) suggests

that the area ratio is roughly 10%, while the estimate

given by Emanuel (1994) for precipitating deep con-

vection is 0.3%. The probability for micrometeorolo-

gical tower instruments to be in¯uenced by

descending motion is therefore much higher than by

ascending motion. For example, Garstang et al. (1990)

found that, even in the wet season, divergence (des-

cending motion) can dominate over convergence

(ascending motion) in both magnitude and duration

over a forested area in the Amazon. The probability is

even higher if we consider the fact that micrometeor-

ological ¯ux towers are almost always situated in

uniform forests while ascending motion is most likely

to occur over localized hot spots such as roads and

small clearings as postulated by Stull (1988) and

suggested by the large eddy simulation of Shen and

Leclerc (1995).

In a spatial domain, the total surface-air ¯ux is

composed of turbulence and mesoscale components

(Mahrt and Sun, 1995; Avissar and Chen, 1993).

Micrometeorological ¯uxes observed at a single point

can be spatially representative if these column-like

structures propagate past the sensors at a reasonable

speed so that the vertical velocity averaged over the

Reynolds averaging interval vanishes. Under highly

convective conditions (low friction velocity and low

wind speed), however, these structures are more likely

to be stationary, leading to a large mesoscale ¯ux

(essentially the mass ¯ow component in Eq. (4)) that

the conventional tower instruments are unable to

capture. This may indeed be the reason why tower

¯ux research groups often observe an energy de®cit

(I positive) and rarely an energy surplus (I negative)

under highly convective conditions. Clearly data

quality of other scalar ¯uxes must also be suspected

if a large energy imbalance occurs.

The in¯uence of the stationary cell-like structure on

energy balance is illustrated by BR data in Fig. 5. The

ratio of the sum of eddy ¯uxes of sensible heat and

latent heat to the available energy ¯ux is signi®cantly

lower than unity at low friction velocity values and

approaches unity as the friction velocity increases,

presumably because strong mechanical turbulence

does not permit the cell-like structure to take shape.

A similar relationship has also been found for the PA

site (T.A. Black, personal communications) and is

suggested by the observation of Barr et al. (1994).

4.1.2. Synoptic scale subsidence

Subsidence at synoptic scales (1000 km) will occur

under fair weather conditions since they are associated

with synoptic high pressure systems. Subsidence has

been shown to play an important role in the evolution

of the nocturnal boundary layer, particularly on nights

free of clouds and with strong radiative cooling

(Carlson and Stull, 1986). Its direct role in the for-

est-air exchange is rather limited. With � values of

ÿ2000 and 500 J mÿ3 for daytime and nighttime,

Fig. 5. Daytime energy flux ratio J � ��cpw0T 0 � �w0�0v�=
�Rn ÿ Sÿ G� plotted as a function of the friction velocity u� at

BR for the height of 23.0 m above the ground.
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respectively, a typical subsidence velocity of

ÿ0.04 cm sÿ1 at the height of 40 m will give rise to

small equivalent energy ¯uxes of 0.8 and

ÿ0.2 W mÿ2, respectively. On the other hand, fair

weather conditions will favor the formation of strong

thermal convection and local thermal circulations,

thus modifying the energy balance and trace gas

exchange indirectly.

4.1.3. Local circulations

Local thermal circulations (scale ranging from sev-

eral km to several tens of km) driven by surface

heterogeneity have been observed over the HAPEX-

MOBILHY study site dominated by forest and crop-

land landscapes (Mahrt and Ek, 1993), areas near a

large river (Oliveira and Fitzjarrald, 1994), irrigated

farms surrounded by drier land (Doran and Collea-

gues, 1992; Mahrt et al., 1994), and areas near a boreal

lake (Sun et al., 1997). The work at HAPEX-

MOBILHY is particularly relevant to the present

study. Mahrt and Ek (1993) found that a persistent

ascending motion exists in the daytime over the

HAPEX-MOBILHY forest where a micrometeorolo-

gical tower was located, with a mean value �w �
2 cm sÿ1 at a height of 125 m above the ground.

The observed pattern is in good agreement with

numerical simulations for the same study area (Andre

et al., 1989; Pinty et al., 1989). The associated hor-

izontal ¯ow convergence will supply sensible heat and

latent heat to the forest around the tower, or in other

words, the mass ¯ow component in the energy balance

equation Eq. (8) should be negative because the ther-

modynamic property � is generally negative in the

daytime. It is perhaps not a surprise that the sum of EC

sensible and latent heat ¯uxes observed over the forest

should exceed the net radiation ¯ux (Shuttleworth

et al., 1988).

It is also instructive to compare the advection and

mass ¯ow terms using the HAPEX-MOBILHY data.

The horizontal gradients of temperature and humidity

are 0.018C kmÿ1 andÿ0.01 g mÿ3 kmÿ1, respectively

[Fig. 4 of Mahrt and Ek (1993)]. This means that the

advective ¯uxes of sensible heat and latent heat are

about 0.05 and ÿ0.03 W mÿ2 at an ambient wind

speed of 4 m sÿ1. On the other hand, the mass ¯ow

component due to the horizontal convergence will lead

to a much larger equivalent energy ¯ux ofÿ40 W mÿ2

using �w�2 cm sÿ1 and ��ÿ2000 J mÿ3.

Direct observational evidence of the nocturnal

phase of local thermal circulations is scanty (Sun et

al., 1997). One of the most important ¯ow types is

drainage ¯ow on undulating terrain because micro-

meteorological sites are rarely ¯at. Drainage ¯ow has

been proposed as a possible mechanism that depletes

the CO2-enriched air below the EC level (Grace et al.,

1996). The simple scale argument of Wyngaard and

Kosovic (1994) and model simulations by Brost and

Wyngaard (1978) show that the slope effect is sig-

ni®cant even at a site with a terrain slope as small as

1.5 parts per thousand. By the continuity requirement,

the divergence along the slope due to the gravitational

acceleration must be compensated by a downward air

motion ��w < 0�. Mahrt (1982) has derived the follow-

ing relation for the along-slope wind component (u) on

the assumption that the downslope advection is

balanced by the gravitational force,

u � g�

�
L sin�

 !1=2

(9)

where g is gravitational acceleration, � is potential

temperature, � is the average potential temperature

depression in the ¯ow, L is downslope distance, and �
is slope angle. Mahrt (1982) considers this to be a

maximum value in that surface drag, entrainment and

along-slope pressure gradients all normally reduce the

magnitude of u. With typical values of 5 K, 1000 m

and 18 for �, L and �, the above equation yields a

divergence rate of 8�10ÿ4 sÿ1, or a mean vertical

velocity of ÿ3 cm sÿ1 at the 40 m height. This crude

order-of-magnitude estimate suggests that the mass

¯ow component in Eq. (4) is indeed very important,

even if in reality �w is only 10% of this upper limit.

The area at a 20 km scale around the PA micro-

meteorological tower is sloped from northwest to

southeast at an angle of roughly 18. Drainage ¯ow

is evident at nights of low wind speed. Fig. 6 is a

typical example showing the persistent negative mean

vertical velocity at both EC levels at night (mean

nighttime wind speed 2.7 m sÿ1). The diurnal pattern

becomes obscure when the averaged nighttime wind

speed is greater than 3.0 m sÿ1. The existence of

drainage ¯ow is further supported by the nighttime

�w frequency distribution which is signi®cantly skewed

towards negative values as opposed to the symmetric

distribution during the daytime (Fig. 7). The median
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value of the nighttime observations is ÿ1.0 cm sÿ1,

which agrees in order of magnitude with the estimate

using Mahrt's model.

4.2. Implications for CO2 flux observation

To explore the role of the above mechanisms in the

forest-air exchange of CO2, we begin with a plot of the

diurnal variations in the CO2 concentration gradient

��C � �Cr ÿ h�Ci observed at PA (Fig. 8). Data are

sorted into three wind speed classes: mean nighttime

wind speed less than 2.2 m sÿ1, wind speed between

2.2 and 3.0 m sÿ1 and wind speed greater than

3.0 m sÿ1. The last class corresponds roughly to the

wind criterion used by Black et al. (1996) in screening

nighttime CO2 ¯ux data for quantifying the annual

NEE of this forest. The average midnight EC CO2

¯uxes are 0.11, 0.12 and 0.15 mg mÿ2 sÿ1 for the three

classes, respectively. The value under light wind con-

ditions does not re¯ect the actual NEE of the forest

because under such conditions drainage ¯ow will

occur. If �wr � ÿ1.0 cm sÿ1 is typical of the drainage

¯ow under light wind conditions, the mass ¯ow com-

ponent around midnight will amount to 0.3 mg CO2

mÿ2 sÿ1, which is greater than the EC ¯ux of 0.15 mg

CO2 mÿ2 sÿ1 obtained during nights of strongwinds.

This raises the possibility that even under strong

ambient wind conditions drainage ¯ow may still play

a role in the forest-air exchange of CO2, although the

exact magnitude is dif®cult to quantify.

One major uncertainty in long-term ¯ux observa-

tions lies in the problem of selectively systematic

errors (errors that apply to only part of the daily cycle,

Moncrieff et al., 1996). Errors arising from neglect of

the mass ¯ow component are selectively systematic

simply because the concentration gradient is greater at

night than during the day (Fig. 8). As an example,

Fig. 6. Diurnal variations of the corrected mean vertical velocities

observed at the heights of 39.1 m (solid line) and 27.7 m (dash line)

above the ground at PA on August 31±September 1, 1994.

Fig. 7. Frequency distribution of the corrected 30 min mean

vertical velocity at the height of 39.1 m above the ground at PA

from midnight (22±04 CST, solid line) and midday (10±16 CST,

dash line) periods. Percentage of observation is calculated over

0.1 cm sÿ1 intervals.

Fig. 8. Ensemble averages of the CO2 concentration gradient

��C � �Cr ÿ h�Ci, where �Cr is the concentration at the EC height

(39.1 m above the ground): solid line, mean nighttime wind speed

less than 2.2 m sÿ1; dash line, wind speed between 2.2 and

3.0 m sÿ1; dash±dot line, wind speed greater than 3.0 m sÿ1.
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Table 1 provides an assessment of the mass ¯ow

component for the PA forest resulting from the three

¯ow divergence/convergence mechanisms discussed

above. The mean CO2 gradients are ��C � 1.2 and

ÿ15.0 mg mÿ3 for daytime and nighttime, respec-

tively, based on the data presented in Fig. 8. Stationary

cell-like convection is assumed to occur 10% of the

daytime. For the purpose of comparison with the NEE

value of ÿ3.5 t C haÿ1 yÿ1 obtained previously

(Black et al., 1996), short-term assessment is extra-

polated to the whole growing season (110 days). The

usual sign convention is adopted here: a negative

(positive) ¯ux value indicates CO2 removal (release)

by the forest. Of the three ¯ow types, thermal circula-

tions are the most important one for the long-term ¯ux

observations. The error resulting from neglect of the

mass ¯ow is as large as the past assessment of NEE

itself, emphasizing the need for a better understanding

of the dynamics of the circulations and the need for

means to measure the vertical velocity accurately.

There are of course numerous reasons why the

assessment in Table 1 should be illustrative rather

than precise. Some of the problems are: (a) variations

due to short-term disturbances such as downdrafts

during precipitation events and updrafts in a frontal

system; (b) disturbance to the streamlines by topo-

graphic forcing; and (c) uncertainties about the per-

sistence of the thermal circulations. Problem (a) is a

source of errors at short timescales (hours to days) but

as with thermal convection under fair weather, is

probably not a major issue in long-term observations.

Problem (b) is wind direction dependent. The wind

tunnel study of Finnigan and Brunet (1995) shows that

the mean streamlines over tall vegetation on hills can

depart signi®cantly from the terrain surface and thus

the mass ¯ow effect can be signi®cant, although its

magnitude is yet to be quanti®ed. Regarding problem

(c), uncertainties with the daytime phase of the cir-

culation are not as important because the vertical CO2

gradient is very small, as shown at the PA forest

(Fig. 8). The validity of assuming a constant vertical

velocity for all nights may be questionable because

under conditions of strong ambient wind, drainage

¯ow is less likely to be detected. Additionally,

mechanical mixing under such conditions will reduce

the vertical gradient (Fig. 8) and therefore the mass

¯ow component considerably. Selective use of the

nighttime ¯ux data as recommended by Wofsy et

al. (1993) and adopted by other groups should provide

an assessment of the annual NEE more accurate than

that obtained by simply adding ¯uxes of all periods.

(The study of Grace et al., 1995 appears to be an

exception because they did not ®nd evidence of drai-

nage ¯ow at their forest.) On the other hand, aircraft

observations by Mahrt and Ek (1993) suggest that a

persistent thermal circulation pattern can exist over a

heterogeneous surface with a patch size of the order

of 25 km, even though the area near the center of

each patch meets the usual micrometeorological site

selection criteria.

5. Conclusions

It is shown from ®rst principles (mass conservation

and continuity equations) that NEE should consist of

three components, storage below the height of obser-

vation, eddy ¯ux and a mass ¯ow component arising

from horizontal ¯ow convergence/divergence or a

non-zero mean vertical velocity (Eq. (4)). The last

term, unaccounted for in previous studies of surface±

air exchanges, becomes important over tall vegetation

and at times when the vertical gradient of the atmos-

pheric constituent is large, as is the case with CO2 in

Table 1

Typical values of the mean vertical velocity �wr (cm sÿ1) for three motion types, the corresponding values of the mass flow component of CO2

�Fc � �wr��Cr ÿ h�Ci� (mg(CO2)mÿ2 sÿ1) and values extrapolated to the whole growing season (�NEE, t C haÿ1 yÿ1). Also given is the typical

horizontal scale for each motion type (km)

Night (18±09 CST) Day (09±18 CST)

Motion type Scale
�wr �Fc �wr �Fc dNEE

Synoptic subsidence 1000 ÿ0.04 6�10ÿ3 ÿ0.04 ÿ5�10ÿ4 0.09

Thermal circulation 10 ÿ1 0.15 1 0.012 2.57

Convection 1 0 0 ÿ5 ÿ0.06 ÿ0.06
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forests at night. Experimental evidence is presented to

support the postulation that the mass ¯ow component

is responsible for the large run-to-run variations in

eddy ¯uxes, the problem with energy balance closure,

and the apparent low ¯ux values at night under stable

strati®cations.

Three mechanisms responsible for the non-zero

mean vertical velocity are discussed. Of these, drain-

age ¯ow on undulating terrain is the most important

one for long-term ¯ux observations because only a

slight terrain slope is required to trigger the ¯ow. It is

suggested from the data obtained at the boreal forest

that without proper consideration of the drainage ¯ow,

the assessment of annual uptake of CO2 could be

biased signi®cantly toward higher values.

The utility of Eq. (4) is limited at present by the fact

that it calls for techniques that can measure precisely

(within 0.1 cm sÿ1) the mean vertical velocity at the

height of EC observations. While uncertainties also

remain with regard to other problems reviewed in the

introduction section and in a recent survey study by

Mahrt (1998), it is argued that the mass ¯ow compo-

nent is a fundamental issue in observational studies of

forest-air exchanges because in reality no ideal sites

(horizontally uniform and perfectly ¯at) exist. Addi-

tionally, even if a site meets the usual fetch criteria, it

may still be subject to thermal circulations driven by

land surface heterogeneity at scales much larger than

the scale of micrometeorology.
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