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[1] The Bowen ratio, the ratio of the turbulent surface ﬂuxes of sensible (Hs) and latent (HL)
heat, Bo  Hs/HL, occurs throughout micrometeorology. It ﬁnds application in the Bowen
ratio and energy budget method, where it provides both turbulent heat ﬂuxes when only the
available energy at the surface is known. It can yield an estimate of a missing Hs or HL if
the other ﬂux is known. We also suggest that the Bowen ratio may provide the missing
piece needed to infer the surface sensible heat ﬂux from satellite data. For this study, we
analyze almost 9000 eddy-covariance measurements of Hs and HL. About half were made
over sea ice; the other half, over the open ocean. These are saturated surfaces where the
surface speciﬁc humidity is the saturation value at the surface temperature. Surface
temperatures ranged from 44 C to 32 C and predict the Bowen ratio through the Bowen
ratio indicator, Bo ¼ cp =ðLv @Qsat =@Þjs . Here cp is the speciﬁc heat of air at constant
pressure, Lv is the latent heat of sublimation or vaporization, and @Qsat =@ is the derivative
of the saturation speciﬁc humidity (Qsat) with temperature (). All quantities are evaluated
at the surface temperature, s. Although Hs and HL can occur in nine possible
combinations, in our data set, three combinations represent over 90% of the cases: Hs > 0
and HL > 0, Hs < 0 and HL < 0, and Hs < 0 and HL > 0. In each of these three cases, the data
suggest Bo ¼ aBo , where a is 0.40, 3.27, and 0.65, respectively.
Citation: Andreas, E. L, R. E. Jordan, L. Mahrt, and D. Vickers (2013), Estimating the Bowen ratio over the open and ice-covered
ocean, J. Geophys. Res. Oceans, 118, 4334–4345, doi:10.1002/jgrc.20295.
0 ¼ QS#  QS" þ QL#  QL"  G  Hs  HL :

1.

ð2Þ

Introduction
[2] The Bowen ratio,
Bo ¼

Hs
;
HL

ð1Þ

partitions the total turbulent surface heat ﬂux into contributions from sensible heat (Hs) and latent heat (HL). As a
result, the Bowen ratio occurs repeatedly throughout micrometeorology [e.g., Panofsky and Dutton, 1984, pp. 92ff.,
132, 186; Garratt, 1992, pp. 36, 130ff.; Lewis, 1995].
[3] A common use for the Bowen ratio is in the Bowen
ratio and energy budget method [e.g., Fleagle and Businger, 1980, p. 290ff. ; Brutsaert, 1982, p. 210; Arya, 1988,
p. 191; Stull, 1988, p. 274; Drexler et al., 2004; Guo et al.,
2007]. We represent the surface energy budget as

Here QS and QL are the shortwave and longwave radiative
ﬂuxes at the surface, respectively. A down-arrow represents
incoming radiation; an up-arrow, outgoing radiation. G is
the conductive ﬂux and is positive downward from the surface. In (2), the radiative terms are all taken as positive; Hs
and HL are positive when the ﬂux is from surface to air.
Positive terms in (2) thus warm the surface ; negative terms
cool it.
[4] If we represent the sum of the radiative terms as the
net radiation, Rnet (¼ QS#  QS" þ QL#  QL" ), (1) and (2)
let us partition the available energy at the surface,
Rnet  G, into sensible and latent heat ﬂuxes:
Hs ¼

BoðRnet  GÞ
;
1 þ Bo

ð3aÞ

Rnet  G
:
1 þ Bo

ð3bÞ

HL ¼
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That is, this method provides the turbulent ﬂuxes without
turbulence measurements.
[5] Oncley et al. [2007] and Foken [2008], among
others, have reported that the energy budget, (2), is often
not balanced over land. If this were the general case, (3)
would not be useful. In contrast, for our domain, which is
sea ice and the open ocean, Persson et al. [2002], Cronin
et al. [2006], and Persson [2012], for example, found that
the energy budget is balanced within the limits of the
experimental uncertainty. Hence, (3) should apply.
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[6] Besides its relevance to the energy budget, other uses
of the Bowen ratio are in interpreting sonic anemometer
data [Schotanus et al., 1983; Andreas et al., 1998] and in
specifying the Obukhov length, the stratiﬁcation parameter
in the atmospheric surface layer, when the latent heat ﬂux
is unknown [e.g., Busch, 1973; Andreas, 1992]. Wesley
[1976], Kunkel and Walters [1983], Andreas [1988], and
Green et al. [2001] showed how electromagnetic propagation in the surface layer is sensitive to the Bowen ratio.
[7] In bulk ﬂux algorithms (also known as the bulk aerodynamic method), the turbulent surface heat ﬂuxes are usually parameterized as [e.g., Fairall et al., 1996, 2003;
Andreas et al., 2008, 2010a, 2010b]
Hs ¼ cp CHr Sr ðs  r Þ;

ð4aÞ

HL ¼ Lv CEr Sr ðQs  Qr Þ:

ð4bÞ

Here  is the air density; cp, the speciﬁc heat of air at constant pressure ; Lv, the latent heat of vaporization or sublimation; Sr, an effective wind speed at reference height r;
r and Qr, the potential temperature and speciﬁc humidity
at r, respectively ; and CHr and CEr, the transfer coefﬁcients
for sensible heat and latent heat, respectively, appropriate
for height r.
[8] Finally in (4), s and Qs are the potential temperature and speciﬁc humidity at the surface. In this work, our
data come from open and ice-covered oceans. These are
saturated surfaces such that Qs is computed as the saturation speciﬁc humidity at temperature s. Other saturated
surfaces include large lakes and reservoirs, extensive snow
ﬁelds, and large glaciers. Our results apply to all such saturated surfaces.
[9] From (4) and (1), we can also represent the Bowen
ratio as
Bo ¼

cp CHr ðs  r Þ
:
Lv CEr ðQs  Qr Þ

ð5Þ

Thus, if we know the differences s  r and Qs  Qr and
have measured either Hs or HL, we can calculate the other
ﬂux by knowing the Bowen ratio (if we also know CHr and
CEr or assume they are equal). Notice also that the signs of
s  r and Qs  Qr dictate the signs of Hs, HL, and Bo.
[10] Over saturated surfaces, the Bowen ratio is constrained. Philip [1987] established the theoretical constraint
on the Bowen ratio for the case Hs > 0 and HL > 0 under
the assumption that the near-surface humidity is not above
its saturation value, i.e., no fog. Andreas [1989; see also
Philip, 1989] extended Philip’s ideas to also formulate constraints for the cases Hs < 0, HL < 0 and Hs < 0, HL > 0.
Andreas and Cash [1996] subsequently tested all three of
these constraints using data collected over surfaces such as
the open ocean, Arctic and Antarctic sea ice, Lake Ontario,
marginal seas, and snow-covered ground. Andreas and Jordan [2011] continued this type of analysis but used two
large data sets collected over sea ice.
[11] Here we add to the Andreas and Jordan [2011] data
sets a comparably sized data set comprising 13 distinct sets
collected over various open ocean regions. In our combined

data set, surface temperatures range from 44 C to 32 C
and govern the value of the Bowen ratio. For well over
90% of the time in all the individual data sets, the measured
sensible and latent heat ﬂuxes collect into one of the three
regimes: Hs > 0 and HL > 0, Hs < 0 and HL < 0, and Hs < 0
and HL > 0.
[12] As in Andreas and Cash [1996], we deﬁne a Bowen
ratio indicator function Bo that depends approximately
exponentially on surface temperature. In each of the three
heat ﬂux regimes, jBoj is similar in magnitude to Bo and
has the same dependence on surface temperature. Moreover,
the data, on average, support the three constraints formulated
by Philip [1987], Andreas [1989], and Andreas and Cash
[1996]. That is, when Hs > 0 and HL > 0, 0 < Bo  Bo ;
when Hs < 0 and HL < 0, 1 > Bo  Bo ; and when Hs < 0
and HL > 0, Bo  Bo . Finally, we make these constraints
formal by developing simple, empirical relations that predict
Bo from Bo in each of the three regimes.

2.

Constraints on the Bowen Ratio

[13] Yet another way to formulate the sensible and latent
heat ﬂuxes in the atmospheric surface layer is with the turbulent diffusivities for temperature and water vapor, K and
Kq, respectively [cf. Dyer, 1974; Philip, 1987]:
Hs ¼ cp K ðzÞ@=@z;

ð6aÞ

HL ¼ Lv Kq ðzÞ@Q=@z;

ð6bÞ

where z is the height. If, as in Philip [1987], we assume
that K and Kq are equal [e.g., Högström, 1996], equations
(6) become
cp @=@z
cp
Hs
¼
:
¼ Bo ¼
HL
Lv @Q=@z Lv @Q=@

ð7Þ

[14] The right term in (7) comes from the usual assumption that Hs and HL are constants with height in the atmospheric surface layer over a horizontally homogeneous
surface. That is, ð@Q=@zÞ=ð@=@zÞ must also be approximately constant [e.g., Raupach, 2001]. Consequently, by
chain-rule differentiation, ð@Q=@zÞ=ð@=@zÞ ¼ @Q=@ is
approximately constant.
[15] Without losing generality, we can evaluate @Q=@
at the surface, which has temperature s. (In micrometeorology, the physical surface temperature and the potential
temperature s are commonly taken to be the same over
surfaces like snow, sea ice, and the open ocean because the
potential temperature is referenced to the local surface
pressure.) Moreover, for a saturated surface, Q ¼ Qsat when
we evaluate @Q=@ at the surface. Hence, following Philip
[1987], we deﬁne a Bowen ratio indicator
Bo 



cp
 :
Lv @Qsat =@ s

ð8Þ

Appendix A gives the equations that we use for evaluating
this quantity. Because the saturation vapor pressure used in
calculating @Qsat =@ depends weakly on surface salinity
and barometric pressure, Bo does too.
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Bo  Bo :

Figure 1. The Bowen ratio indicator Bo from (8) as a
function of surface temperature s (see equations in
Appendix A). For these calculations, the barometric pressure
was 1000 mb and the surface salinity was zero. The discontinuity at s ¼ 0 C occurs because the calculation switches
from using the saturation vapor pressure over ice and the
latent heat of sublimation for Lv for temperatures less than
0 C to using the saturation vapor pressure over water and
the latent heat of vaporization for temperatures above 0 C.

[16] Figure 1 shows that Bo is a strong function of temperature because the saturation vapor pressure is an exponentially increasing function of temperature. Philip [1987],
Andreas [1989], and Andreas and Cash [1996] also showed
versions of this plot. Figure 1 corrects minor inconsistencies in the Andreas and Andreas and Cash ﬁgures (see
Appendix A).
[17] Priestley and Taylor [1972] and Hicks and Hess
[1977] were innovative in using Bo to estimate the Bowen
ratio and to predict evaporation over saturated surfaces.
Raupach [2001] formulated a theory of equilibrium evaporation in terms of Bo . Jo et al. [2002] deduced a climatology for the Bowen ratio over the ocean from Bo .
[18] Philip [1987] looked exclusively at the case when
Hs > 0 and HL > 0. Figure 2a is a schematic diagram for
this case. The thick, curved line is Qsat(); above this line
is supersaturation, which we assume, following Philip, is a
forbidden region (i.e., no fog). At s, the straight line tangent to the curve is @Qsat =@js . The shaded area in Figure
2a indicates the region where potential temperature () and
speciﬁc humidity (Q) in the air layer near the surface must
lie for this ﬂux regime.
[19] From this geometry, we can evaluate @Q/@ in (7)
from
@Q
DQ
Qs  Q
;
¼ lim
¼ lim
@ Dz!0 D Dz!0 s  

ð9Þ

where Dz is the height increment between the surface and
the observations of  and Q. Clearly, then
@Q @Qsat
j :

@ s
@

ð10Þ

Consequently, on combining (7), (8), and (10), we see that

ð11Þ

[20] Saunders [1964, equation (5)] had previously developed a constraint analogous to (10) but replaced  with <
because his focus was on fog formation.
[21] Besides being positive, both Hs and HL can conceivably be negative or zero. Thus, there are nine combinations
of Hs and HL. Figure 2 depicts all of these combinations
and highlights their implication for constraints on the
Bowen ratio. Andreas [1989] presented a version of Figure
2 but used water vapor density as the humidity variable
because this is the variable that Philip [1987] had used.
Here we formulate Figure 2 in terms of speciﬁc humidity,
which is a conservative variable in the atmospheric surface
layer.
[22] Some combinations in Figure 2 are forbidden under
the assumption of a saturated surface but no supersaturation
above the surface: namely, the cases in Figures 2d, 2g, and
2h. The cases Hs ¼ 0, HL > 0 (Figure 2b) and Hs < 0,
HL ¼ 0 (Figure 2f) are trivial because Bo ¼ 0 for the former
and Bo ¼ 1 for the latter. In the case Hs ¼ 0 and HL ¼ 0
(Figure 2e), Bo is undeﬁned.
[23] Using arguments as above for constraining the
Hs > 0, HL > 0 case, Andreas [1989] showed that the
Hs < 0, HL < 0 case (Figure 2i) also is constrained by Bo .
But now the constraint (10) becomes

@Q @Qsat 
:

@ s
@

ð12Þ

As a result, when Hs < 0 and HL < 0,
Bo  Bo :

ð13Þ

[24] Finally, for the case Hs < 0, HL > 0, Andreas and
Cash [1996] hypothesized that, because the line
@Qsat =@js cuts through the shaded region in Figure 2c,
Bo  Bo :

ð14Þ

[25] Over the saturated surfaces that they studied,
Andreas and Cash [1996] found that three regimes in Figure 2 dominate: the cases Hs > 0, HL > 0; Hs < 0, HL < 0;
and Hs < 0, HL > 0 (Figures 2a, 2i, and 2c, respectively).
Over 90% of the measured ﬂuxes that they analyzed fell
into one of these combinations.
[26] Figure 3 shows how these three ﬂux regimes may
occur over sea ice. Here we used the ﬂux algorithm that
Andreas et al. [2010b] developed to estimate sensible and
latent heat ﬂuxes over winter sea ice. Similar regimes
would be found over the ocean although the ﬂuxes would
generally have larger magnitudes.
[27] Figure 3 shows ﬂuxes for a wide range in atmospheric stratiﬁcation, z/L, where L is the Obukhov length
and z is the reference height r in (4). In unstable stratiﬁcation (always without supersaturation above the surface),
Hs > 0 and HL > 0. In weakly stable stratiﬁcation, Hs < 0
and HL > 0. But in stronger stable stratiﬁcation, both ﬂuxes
are downward: Hs < 0 and HL < 0. The ﬂux algorithm predicts no other combinations.
[28] Andreas and Cash [1996] found that the constraints
(11), (13), and (14) were useful in quantifying the Bowen
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Figure 2. Nine combinations of sensible (Hs) and latent (HL) heat ﬂuxes and what they say about the
Bowen ratio (Bo). The ﬂux is assumed to be down the respective gradient : @/@z for sensible heat, and
@Q/@z for latent heat. In each panel, the thicker, curved line is Qsat(), the relation for saturation in
speciﬁc humidity as a function of temperature (). s is the surface temperature ; thus, Qsat(s) is the
speciﬁc humidity at the surface. The thin, straight line tangent to the Qsat curve at s is @Qsat =@js and
is used in deﬁning Bo ; see (8). The shaded areas show where the Q and  values above the surface
must be for the given gradients. Heavy arrows indicate that Q and  must lie along these lines. The dot
in Figure 2e shows the only possible combination for Q and . Any values of Q and  that lie above the
Qsat() line are forbidden by our assumption that the near-surface humidity is not above saturation.
ratio in these three dominant ﬂux regimes. We repeat some
of their analyses here using much larger data sets collected
over both sea ice and the open ocean.

3.

Data

[29] Table 1 summarizes the data sets that we use in this
study. Two large sets were collected over sea ice: one in
the Antarctic on Ice Station Weddell ; and the second, in
the Arctic during SHEBA, the experiment to study the Surface Heat Budget of the Arctic Ocean [Uttal et al., 2002].
The other 13 data sets were obtained over the open ocean
from a ship, on a platform, and from low-ﬂying aircraft
(ﬂight level less than 50 m). The ‘‘Reference’’ column in
Table 1 lists citations that provide more information on the
data sets.
[30] The ‘‘Number of Observations’’ column in Table 1
shows the number of individual measurements that each

data set contributed to our analysis. A useful set of observations had to provide three pieces of information: measurements of s, Hs, and HL. A key feature of each data set in
Table 1 is that both Hs and HL were obtained from eddycovariance measurements. Mahrt et al. [2012], Andreas
et al. [2012], Vickers et al. [2013], and the references listed
in Table 1 describe the eddy-covariance instruments and
the processing; Appendix B summarizes pertinent details.
[31] For the open ocean sets, usually much more data
than listed in Table 1 were available; but we screened these
data to focus on the measurements most relevant for our
analysis.
[32] First, in high winds over the ocean, heat transfer
from sea spray droplets augments the interfacial heat ﬂuxes
that are parameterized as (4) [Andreas and DeCosmo,
2002; Andreas et al., 2008; Andreas, 2010]. In effect, this
spray-mediated heat transfer can sometimes cause a countergradient ﬂux [Andreas, 2011] that thereby confuses the
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4.

Figure 3. Sensible and latent heat ﬂuxes as a function of
surface-layer stratiﬁcation, z/L (where z ¼ 10 m), predicted
by the Andreas et al. [2010b] winter sea ice ﬂux algorithm.
In all cases, the 10 m wind speed (U10) was 2 m s1, the
10 m relative humidity with respect to ice saturation (RHi)
was 100% [Andreas et al., 2002], and the barometric pressure was 1000 mb. In the unstable panel (z/L < 0), the 10 m
air temperature (Tair) was ﬁxed at 20 C, and the surface
temperature was incrementally raised from 20 C to produce increasing instability. In the stable panel (z/L > 0), the
10 m air temperature was ﬁxed at 5 C, and the surface
temperature was lowered from 5 C to produce increasing
stability.
deﬁnition of the Bowen ratio given by (5). Spray effects,
however, appear to be negligible when the 10 m, neutralstability wind speed, UN10, is less than about 13 m s1
[e.g., Andreas et al., 2008]. Hence, from the open ocean
data sets, we retain for analysis only data for which
UN10  13 m s1. Andreas et al. [2012] explain how we calculated UN10.
[33] This screening for wind speed reduced the FASTEX, GFDex, and GOTEX data sets dramatically (by 50%
or more) because these experiments sought high winds.
The ‘‘Number of Observations’’ for the open ocean sets in
Table 1 counts the cases left after this screening.
[34] Second, as explained by Andreas et al. [2012], we
are concerned that the aircraft ﬂux data in stable stratiﬁcation may be biased because of vertical ﬂux divergence
[e.g., Wyngaard, 2010, p. 287] because some ﬂights were
at altitudes of 40–50 m. Calculated Bowen ratios then may
not represent surface conditions. Therefore, in addition to
the screening for wind speed, for our analysis of the Bowen
ratio, we further screened the aircraft data for stratiﬁcation.
As in Andreas et al., we retained only the data collected in
unstable and weakly stable conditions, 1 < zac =L  0:1,
where zac is the aircraft ﬂight level and L is the measured
Obukhov length. This zac/L limit for weakly stable stratiﬁcation is typical of values in the literature; see, for example, Mahrt et al. [1998], who suggested 0.06, and Grachev
et al. [2005], who gave this limit as 0.1.
[35] On the other hand, all of the surface-based observations that we used (Table 1) were made below 20 m. Any
vertical ﬂux divergence would be less than the experimental uncertainty for these sets.

Flux Regimes

[36] To demonstrate the conceptual utility of Figure 2,
we sorted each data set into ﬂux regimes. Table 2 summarizes the results.
[37] In each of the 15 data sets, the three ﬂux regimes
Hs > 0, HL > 0; Hs < 0, HL < 0; and Hs < 0, HL > 0 constitute more than 90% of the observed cases. Over the ocean,
the Hs > 0, HL > 0 regime is dominant by far [cf. Hsu,
1998], and the Hs < 0, HL < 0 regime is rare.
[38] Over sea ice, the Hs > 0, HL > 0 and Hs < 0, HL < 0
regimes occur with comparable frequency, although the Ice
Station Weddell data may bias this picture. SHEBA was a
yearlong deployment, so these data should not be biased by
seasonal changes. Ice Station Weddell, however, was only
an autumn and early winter experiment.
[39] Table 2 thus conﬁrms what Figure 2 suggests. Of the
nine possible combinations for Hs and HL, several are forbidden by the assumption that the near-surface humidity is not
above its saturation value. Other combinations, though permissible, are meteorologically rare: namely, cases when either Hs
or HL is measured to be exactly zero. Random variability in
the turbulence measurements that can cause the measured ﬂux
to have the wrong sign, especially when the ﬂuxes have small
magnitudes, in part explains why the three ﬂux regimes do not
always total 100% of the cases. This variability, in particular,
explains why the ‘‘Total’’ entries for the SHEBA and Ice Station Weddell sets in Table 2 are smaller than all but the Monterey entry for the over-ocean sets. Over sea ice, both the
sensible and latent heat ﬂuxes are generally small.

5.

Bo-Bo Relations

[40] Figures 4–6 show Bo versus Bo for all the data sets
summarized in Table 1. From the sea ice and ocean data
sets, we have over 4700 observations in the Hs > 0, HL > 0
regime (Figure 4), almost 1500 observations in the Hs < 0,
HL < 0 regime (Figure 5), and over 1300 observations in
the Hs < 0, HL > 0 regime (Figure 6). The only comparable
previous analysis was by Andreas and Cash [1996], but
they had only about 1200 observations total.
[41] The data points in Figures 4–6 are quite scattered.
One reason is that the usual uncertainty in eddy-covariance
measurements of sensible and latent heat ﬂux is 620% for
each ﬂux [e.g., Fairall et al., 1996; Finkelstein and Sims,
2001; Persson et al., 2002; Andreas et al., 2010b]. Thus,
the typical uncertainty in any individual measurement of
the Bowen ratio is 640%. But when either ﬂux is small—
which they almost always are over sea ice [Persson et al.,
2002; Andreas et al., 2004, 2010a, 2010b]—uncertainties
in individual values can approach 6100%.
[42] Therefore, one lesson from Figures 4–6 is that you
need a lot of data to overcome the inherent random errors
and thus to see the average tendencies in the phenomenon.
Hence, besides individual values, Figures 4–6 show geometric mean Bowen ratios within bins of Bo . We base bin
averages on the geometric mean because the Bowen ratios
in a bin have an approximately lognormal distribution.
Each such plotted average also has 62 standard deviation
error bars. These error bars thus delimit 95% conﬁdence
limits for the Bowen ratio population within each bin. Bin
medians, also shown in these plots, agree well with the
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Table 1. The Data Sets Used in This Studya
Data Set

Number of Observations

Platform/Location

Ice Station Weddell

1031

SHEBA

2859

FASTEX

136

GFDex

11

HEXOS

109

CARMA4

627

CBLAST-weak

760

GOTEX

341

MABLEB

29

Monterey

453

POST

189

RED

366

SHOWEX Nov ’97

508

SHOWEX Nov ’99

794

TOGA COARE

760

Tower on sea ice,
western Weddell Sea
Tower on sea ice,
Beaufort Gyre, Arctic Ocean
R/V Knorr,
transect across the North Atlantic
FAAM BAE 146 aircraft,
Irminger Sea and Denmark Strait
Meetpost Noordwijk platform,
North Sea
CIRPAS Twin Otter,
off coast of southern California
Long-EZ aircraft,
Martha’s Vineyard, Massachusetts
NCAR C-130,
Gulf of Tehuantepec
CIRPAS Twin Otter,
off Monterey, California
CIRPAS Twin Otter,
off Monterey, California
CIRPAS Twin Otter,
off Monterey, California
CIRPAS Twin Otter,
east of Oahu, Hawaii
Long-EZ aircraft,
off coast of Virginia and North Carolina
Long-EZ aircraft,
off coast of Virginia and North Carolina
NCAR Electra,
western equatorial Paciﬁc Ocean

Reference
Andreas et al. [2004, 2005]
Persson et al. [2002],
Andreas et al. [2010a, 2010b]
Persson et al. [2005]
Petersen and Renfrew [2009]
DeCosmo [1991], DeCosmo et al. [1996]
Vickers et al. [2013]
Edson et al. [2007]
Romero and Melville [2010]
Vickers et al. [2013]
Mahrt and Khelif [2010]
Vickers et al. [2013]
Anderson et al. [2004]
Sun et al. [2001]
Sun et al. [2001]
Sun et al. [1996], Vickers and
Esbensen [1998]

a
The ﬁrst two sets are the sea ice sites; the remaining data sets were collected over the open ocean. The ‘‘Number of Observations’’ is the number of
cases used to analyze the Hs and HL regimes (Table 2). Because of the second screening of the aircraft data for stratiﬁcation (i.e., for zac/L  0.1), fewer
cases are used in the Bo-Bo analyses (Figures 4–6). The ‘‘Reference’’ provides additional details on a data set. Mahrt et al. [2012], Andreas et al. [2012],
and Vickers et al. [2013] also provide more information on the open ocean sets. SHEBA is the Surface Heat Budget of the Arctic Ocean experiment.
FASTEX is the Fronts and Atlantic Storm-Tracks Experiment. GFDex is the Greenland Flow Distortion experiment. HEXOS is Humidity Exchange over
the Sea. CARMA4 is the Cloud-Aerosol Research in the Marine Atmosphere experiment, 4. CBLAST is the Coupled Boundary Layers and Air-Sea
Transfer experiment. GOTEX is the Gulf of Tehuantepec Experiment. MABLEB is the Marine Atmospheric Boundary Layer Energy Budget experiment.
POST is the Physics of the Stratocumulus Top experiment. RED is the Rough Evaporation Duct experiment. SHOWEX is the Shoaling Waves Experiment. TOGA COARE is the Tropical Ocean-Global Atmosphere Coupled Ocean-Atmosphere Response Experiment.

Table 2. Dominant Heat Flux Regimesa

Data Set
Ice Station Weddell
SHEBA
FASTEX
GFDex
HEXOS
CARMA4
CBLAST-weak
GOTEX
MABLEB
Monterey
POST
RED
SHOWEX Nov ’97
SHOWEX Nov ’99
TOGA COARE

Hs > 0
Hs < 0
Hs < 0
HL > 0 (%) HL < 0 (%) HL > 0 (%)
31.6
36.4
86.8
100.0
89.9
61.6
46.7
63.3
69.0
82.6
73.5
97.8
65.8
71.7
94.5

43.6
31.0
1.5
0.0
0.0
13.7
33.4
0.0
0.0
0.4
9.5
0.0
0.0
12.7
0.4

15.3
25.8
10.3
0.0
10.1
19.8
15.1
36.1
31.0
8.8
12.2
2.2
34.2
12.3
3.9

Total, These
Three
Cases (%)
90.5
93.2
98.6
100.0
100.0
95.1
95.2
99.4
100.0
91.8
95.2
100.0
100.0
96.7
98.8

averages and therefore imply that the ln ðjBojÞ values
within a bin are symmetrically distributed about the geometric mean, as they would be in a lognormal distribution.
[43] Figures 4–6 all show a gap in the data near Bo ¼ 1.
Figure 1 helps explain this gap. Over sea ice, which by deﬁnition must have a surface temperature of 0 C or lower,
Bo has a minimum value of 1.12. Meanwhile, over the
open ocean (assumed salinity of 34 psu), Bo will be near
1 when the surface temperature is 5.9 C–6.5 C. The
GFDex set does have temperatures in this range, but we
eliminated these cases when we screened out UN10 values
above 13 m s1. The surviving GFDex cases have surface
temperatures near 0 C, and those points appear as the few
red points among the blue points where Bo is between
1 and 2 in Figures 4–6.
[44] Because Figures 4–6 are log-log plots, a ﬁrst option
would be to represent the Bowen ratio as
Bo ¼ aBob :

ð15Þ

a

The three Hs and HL columns list the percentage of the total cases in
each Hs and HL ﬂux regime. The last column is the percentage of total
cases that occurred in these three regimes.

Determining a and b from least squares linear regression
would then require ﬁtting
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Figure 4. The Bowen ratio is calculated from the measured values of Hs and HL in the data sets in Table 1 and
compared with corresponding values of Bo computed from
(8) (using the algorithm in Appendix A). The plot is for the
case when Hs > 0 and HL > 0. The correlation coefﬁcient
for the points in this log-log plot is 0.780. The two colors
distinguish data collected over sea ice and over the open
ocean. The bigger black circles are averages (computed as
the geometric mean) in Bo bins, where there are four bins
per decade. The error bars are 62 standard deviations and
thus represent 95% conﬁdence intervals for the bin populations. The yellow circles denote medians of both Bo and
Bo in the Bo bins. The Bo range between 1 and 2 has two
averages and two medians : one each for the ocean cases
and for the sea ice cases. The black dashed line is 1:1; the
solid black line is (17); the line with shorter dashes is
Priestley and Taylor’s [1972] equation, (21).

Figure 6. As in Figure 4, but this shows the cases for
which Hs < 0 and HL > 0. The solid black line is (19), and
the correlation coefﬁcient is 0.709.
allel the 1:1 line. That is, b would be 1 in (16), and
jBoj / Bo from (15). Hence, in each of Figures 4–6, the
solid line shows the best ﬁt through the data with b ﬁxed at
1 in (16).
[46] For the Hs > 0, HL > 0 plot (Figure 4), we obtain
Bo ¼ ð0:40 6 0:02ÞBo ;

ð17Þ

for the Hs < 0, HL < 0 plot (Figure 5),
Bo ¼ð3:27 6 0:30ÞBo ;

ð18Þ

and for the Hs < 0, HL > 0 plot (Figure 6),
ln ðjBojÞ ¼ ln ðjajÞ þ bln ðBo Þ:

ð16Þ
Bo ¼ ð0:65 6 0:08ÞBo :

(The absolute values are invoked only for the Hs < 0,
HL > 0 case.)
[45] In each of Figures 4–6, however, both the bin averages and the bin medians suggest a slope that tends to par-

Figure 5. As in Figure 4, but this shows the cases for
which Hs < 0 and HL < 0. The solid black line is (18), and
the correlation coefﬁcient is 0.655.

ð19Þ

[47] The uncertainties in (17)–(19) are computed from the
standard deviations in the geometric means of all of the Bo
and Bo values in each regime. In effect, these uncertainties
are approximately 62 standard deviations for the associated
coefﬁcient and thus give its 95% conﬁdence interval.
[48] Equation (17) has nearly the same coefﬁcient that
Andreas and Cash [1996] obtained for the Hs > 0, HL > 0
case, 0.38. Thus, we again conﬁrm Philip’s [1987] original
theoretical result that, on average, Bo  Bo when Hs > 0
and HL > 0, the surface is saturated, but the near-surface
humidity is not above its saturation value.
[49] The coefﬁcient in (18) is about three times larger than
in Andreas and Cash’s [1996] analysis. But they had fewer
than 170 observations in this Hs < 0, HL < 0 regime and only
15 observations collected over the open ocean. Equation (18)
is thus a more accurate result. Nevertheless, as with Andreas
and Cash’s analysis, this regime produces the coefﬁcient with
the largest uncertainty. Still, our new result and Andreas and
Cash’s conﬁrm Andreas’s [1989] conclusion that Bo  Bo ,
on average, when Hs < 0 and HL < 0.
[50] Our (19) is similar to Andreas and Cash’s [1996]
result for the Hs < 0, HL > 0 regime: Our coefﬁcient is
0.65; theirs is 0.32. Consequently, we, too, support the
suggestion by Andreas and Cash that Bo  Bo in the
Hs < 0 and HL > 0 regime.
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[51] In summary, our analyses—represented in Figures 4–6
and in (17)–(19)—suggest the general tendency that over saturated surfaces, jBoj always increases proportionately to Bo .

6.

Discussion

6.1. The Historical Linear Relations
[52] Priestley and Taylor [1972] and Hicks and Hess
[1977] did seminal work on predicting the Bowen ratio
over saturated surfaces. The Priestley-Taylor method, especially, is still used frequently [e.g., Eichinger et al., 1996;
Kim and Entekhabi, 1997; Drexler et al., 2004; Guo et al.,
2007]. Both Priestley and Taylor and Hicks and Hess predicted Bo from a linear function of Bo but only over water
surfaces and only for the Hs > 0 and HL > 0 regime.
[53] Priestley and Taylor [1972] deduced a single empirical coefﬁcient . In our terminology, their result is
Bo ¼



1
1
Bo  1 
;



ð20Þ

where  ¼ 1.26. That is, (20) becomes
Bo ¼ 0:794 Bo  0:206

ð21Þ

range 1.1–1.3. But when Guo et al. attempted to evaluate 
in the Hs < 0, HL < 0 and Hs < 0, HL > 0 regimes, they
found it to be much more variable.
[58] For these several reasons, we believe that our exponential relations between Bo and Bo (with the exponent
equal one ; (17)–(19)), provide a more unifying approach to
predicting the Bowen ratio than do linear relations.
6.2. Equilibrium Evaporation
[59] Raupach [2001] explained the condition for equilibrium evaporation (HL,eq). In our notation, his condition is
[see also De Bruin and Keijman, 1979; Lhomme, 1997]
HL;eq
HL;eq
1
:
¼
¼
1 þ Bo Hs þ HL;eq Rnet  G

The denominators of both the middle and right terms are
usually called the available energy (see (2)). McNaughton
[1976] preferred to call the HL,eq given by (23) the quasiequilibrium evaporation.
[60] Because these papers are treatises on ‘‘evaporation,’’
HL,eq is explicitly positive. The available energy is also
assumed to be positive. Hence, (23) applies only for the
Hs > 0, HL > 0 ﬂux regime.
[61] On using the Bowen ratio to simplify the middle
term in (23), we obtain
1
1
¼
;
1 þ Bo 1 þ Boeq

for the Hs > 0, HL > 0 case. Figure 4 shows (21).
[54] Hicks and Hess [1977] ﬁtted two coefﬁcients, the
slope and the intercept of the linear relation. Their result is
Bo ¼ 0:63 Bo  0:15:

ð22Þ

[55] Both (21) and (22) thus support Philip’s [1987] suggestion that Bo  Bo when Hs > 0 and HL > 0. But both also
predict negative Bowen ratios in the Hs > 0, HL > 0 regime if
the water temperature is high enough. Equation (21) gives
negative Bo if Bo < 0.256; (22), if Bo < 0.24. For freshwater, Figure 1 (or the equations in Appendix A) associates a
surface temperature of 30.6 C with Bo ¼ 0.256 and 31.8 C
with Bo ¼ 0.24. For saline ocean water, each temperature
would be about 0.3 C higher. In other words, at water temperatures attainable over the tropical ocean, both (21) and (22)
would predict a negative Bowen ratio for an analysis that presumes a positive Bowen ratio. Figure 4 emphasizes this shortcoming by showing how (21) falls rapidly below the data for
Bo < 0.3, where surface temperatures are above 28 C.
[56] Moreover, neither Priestley and Taylor [1972] nor
Hicks and Hess [1977] had data for which the surface temperature was less than 10 C. Hence, they did not treat Bo
values greater than about 0.8. Figures 4–6 show that over
open water Bo can exceed this value; and over sea ice, Bo
can greatly exceed this value. But Figure 4 surprisingly also
shows that the Priestley-Taylor result (21) is a reasonable
approximation over sea ice because, in effect, it becomes
Bo ¼ 0:794 Bo for large Bo , which is close to our (17).
[57] The limited range of conditions that Priestley and
Taylor [1972] and Hicks and Hess [1977] explored explain
why they could ﬁt Bo-versus-Bo data with linear relations.
Guo et al. [2007] likewise recently evaluated the PriestleyTaylor  over a limited temperature range, 20 C–31 C, for
the Hs > 0 and HL > 0 regime and found  to be in the

ð23Þ

ð24Þ

where Boeq is the Bowen ratio formed from the equilibrium
evaporation. As a result,
Boeq ¼ Bo

ð25Þ

[62] In other words, most theoretical studies of equilibrium evaporation produce predictions that align with our
experimental results. But unlike these theoretical results,
which treat only the Hs > 0, HL > 0 regime, our experimental results suggest the approximate relation
jBoj  Bo

ð26Þ

for each of the three dominant ﬂux regimes (see (17)–(19)).
6.3. Appropriate Spatial and Temporal Scales
[63] The scatter in Figures 4–6 is obvious and pertinent.
As we explained earlier, some of this scatter results from
random measurement errors. But as important is a clear
interpretation of what Figure 2 implies about the possibility
of unique Bo-Bo relations. For the three regimes that we
consider—Figures 2a, 2c, and 2i—theory tells us only that
the temperature and speciﬁc humidity of the near-surface
air must fall somewhere in the shaded areas. That is, for
any given Bo , a host of Bowen ratios is possible.
[64] This interpretation is also in line with MoninObukhov similarity theory. Over a saturated surface with a
given surface temperature (and, thus, a given surface speciﬁc humidity), a wide variety of air temperatures and speciﬁc humidities yield convergent solutions for the
similarity equations [e.g., Andreas et al., 2008, 2010a,
2010b].
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[65] As a consequence, individual estimates of the
Bowen ratio from any of (17)–(19) will rarely agree
perfectly with individual measurements of Bo—from
eddy-covariance instruments, for instance. Only with averaging did the scattered points in Figures 4–6 reveal any
consistent relationship between Bo and Bo . We therefore
interpret (17)–(19) to represent only average behavior of
the heat ﬂuxes over saturated surfaces.
[66] Following the conclusions in Priestley and Taylor
[1972] and Hicks and Hess [1977], Andreas and Cash
[1996] acknowledged that (17)–(19) are most appropriate if
they are applied to data that have been time-averaged or
represent average conditions over a large horizontal area.
We here reiterate that (17)–(19) and our distributions summarized in Table 2 will be most useful when they are
applied to data that are, in some sense, averaged. A spatial
average could be over a grid cell in a large-scale atmospheric model, over a satellite footprint, or along a surfacelayer scintillometer’s averaging path.
[67] An appropriate temporal average for point measurements is on the order of a day [e.g., De Bruin and Keijman,
1979]. If the ﬂux regime—represented as in (17)–(19)—
changes during this averaging period, even this temporal
averaging may produce ambiguous results. On a positive
note, though, ﬂux regimes over the open and ice-covered
ocean are usually long lasting.
6.4. Fluxes From Satellites
[68] Obtaining surface heat ﬂuxes from satellites is one
of the objectives that motivates this study and is also a natural application implied in the preceding subsection. Current methods for obtaining surface ﬂuxes from satellites are
always based on a bulk ﬂux algorithm, such as represented
by (4) [e.g., Liu, 1988; Thadathil et al., 1995; Konda et al.,
1996]. Consequently, from satellites, we need surface temperature and surface-level estimates of wind speed, air temperature, and humidity.
[69] Over water, scatterometers or synthetic aperture radar can provide wind speed. Advanced very high resolution
radiometers (AVHRR) can provide surface temperature,
s, and thus surface humidity, Qs.
[70] The necessary near-surface gradients s  r and
Qs  Qr are typically found by ﬁrst estimating the total precipitable water from the scanning multichannel microwave radiometer [Liu, 1988] or the Special Sensor Microwave/Imager
[Thadathil et al., 1995; Bentamy et al., 2003]. The next step,
often, is to obtain surface-level humidity, Qr, from a relation
between precipitable water and Qr such as those described by
Liu [1986] or Schulz et al. [1993] [e.g., Liu, 1988; Konda et
al., 1996; Bentamy et al., 2003]. This is sufﬁcient information
to make a crude estimate of the latent heat ﬂux from (4b).
[71] We say ‘‘crude’’ because estimating the sensible
heat ﬂux and thus correcting CEr in (4b) for stratiﬁcation
effects [see Andreas et al., 2008, 2010a, 2010b; Fairall
et al., 1996, 2003] have been troublesome because no satellite measurements have been found for the near-surface air
temperature r or for the temperature gradient s  r.
Often, the sensible heat ﬂux is thus ignored for open ocean
applications. Thadathil et al. [1995], however, developed a
statistical relation between in situ measurements of r and
the satellite-derived estimate of Qr from precipitable water.
Jackson and Wick [2010] similarly developed a statistical

relation that correlates in situ measurements of r with
three satellite variables: AVHRR measurements of s and
Advanced Microwave Sounder Unit A brightness temperatures at 52.8 and 53.6 GHz.
[72] Our analysis here, however, suggests a simpler
approach. From the AVHRR measurement of s, we can
calculate Bo and thus estimate Bo from (17) to (19).
Because the standard satellite techniques provide a ﬁrst
estimate of HL, Hs now comes easily from the satellite estimate of Bo. Iteratively solving (4) and the equations for the
momentum ﬂux and the Obukhov length using these values
of Hs and HL provides improved estimates of the transfer
coefﬁcient CEr and, in turn, increasingly better estimates of
HL and Hs.
[73] Alternatively, if satellite observations could provide
the net surface radiation, Rnet, both sensible and latent heat
ﬂuxes could be obtained from (3) and an estimate of the
Bowen ratio derived from (17)–(19).

7.

Conclusions

[74] With almost 9000 eddy-covariance observations
over both sea ice and the open
ocean, where surface tem
peratures ranged from 44 C to 32 C, this is, to our knowledge, the most encompassing survey to date of the Bowen
ratio over saturated surfaces.
[75] Though nine combinations of Hs and HL are conceivable—both Hs and HL can be positive, negative, or
zero—three combinations dominate our data: Hs > 0,
HL > 0; Hs < 0, HL < 0; and Hs < 0, HL > 0. In the sea ice
data sets, these three combinations constitute over 90% of
the observations. In 12 of the 13 open ocean data sets, they
represent at least 95% of the observations. For the one
exception (Monterey, Table 2), they still represent 91.8%
of the observations.
[76] Furthermore, in these three regimes, the average
behavior of the resulting Bowen ratio (Hs/HL) is constrained by the Bowen ratio indicator Bo (see (8)). For the
Hs > 0, HL > 0 regime, we conﬁrm Philip’s [1987] postulated constraint: Bo  Bo . For the Hs < 0, HL < 0 regime,
we likewise conﬁrm Andreas’s [1989] conclusion:
Bo  Bo . Finally, our data in the Hs < 0, HL > 0 regime
support Andreas and Cash’s [1996] suggestion that
Bo  Bo . Equations (17)–(19) represent these results.
[77] These conclusions come with one caveat. Over the
ocean in 10 m winds, nominally, above 13 m s1, heat transfer mediated by sea spray can signiﬁcantly inﬂuence the
ﬂuxes of latent and sensible heat. Because these spraymediated ﬂuxes do not scale the same way the interfacial
ﬂuxes do—that is, as in (4) or (6)—the Bowen ratio is no
longer unambiguously related to the temperature and humidity gradients (see (5) and (7)). Therefore, from our analysis,
we excluded data in the ocean sets that were collected when
UN10 > 13 m s1 ; our conclusions, thus, do not necessarily
apply over the open ocean when winds are above 13 m s1.
[78] We envision several possible uses for our results.
One is as a quality control on measurements or model estimates of Hs and HL. The values obtained should have a climatology similar to those in Table 2. The inferred Bowen
ratio should also depend on surface temperature as predicted in (17)–(19). In fact, (17)–(19) can provide an estimate of the Bowen ratio in any of the many applications
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Table 3. Quantities From Buck [1981] That We Use in (A6)a

e0 (mb)
P0(P)
A
B ( C)

Saturation Over Ice
( < 0 C)

Saturation Over Water
(  0 C)

6.1115
1.0003 þ 4.18 106P
22.452
272.55

6.1121
1.0007 þ 3.46 106P
17.502
240.97

a

See also Andreas [2005]. In the second row, P is in mb.

that require it as long as the data represent adequate temporal or spatial averaging.
[79] In particular, (17)–(19) provide partitioning of the
sensible and latent heat ﬂuxes and thus could be key components for estimating the surface energy budget from satellite data over saturated surfaces like the ocean, large
lakes, sea ice, snow-covered tundra, or the Greenland or
Antarctic ice sheets.

[83] For the saturation vapor pressure, esat, we use the
equations from Buck [1981]. For saturation over both ice
and water, these equations have the general form

esat ð; PÞ ¼ e0 P0 ðPÞexp

@esat
¼
@

2

cp ¼ 1005:60 þ 0:017211 þ 0:000392 ;
1

AB
ðB þ  Þ2

)
esat ð; PÞ:

ðA1Þ

ðA7Þ

Table 3 lists the constants e0, A, and B and the function
P0(P).
[84] On substituting (A5) and (A7) into (8), we obtain a
programmable function for Bo :
(

)
ðB þ  s Þ2
: ðA8Þ
AB

[85] Notice, esat and Qsat both depend on salinity, S. In
obtaining esat from (A6) and Qsat from (A4), we must
account for the depression in the saturation vapor pressure
if the surface is saline. That is,
esat ðs ; P; S Þ ¼ esat ðs ; PÞf ðS Þ;

ðA9Þ

where esat(s,P) comes from (A6) and



where cp is in J kg
C and  is the temperature in C.
For the latent heat of vaporization (Lv) or sublimation (Ls),
Lv ¼ ð25:00  0:02274 Þ

(

cp ðs Þ½1  0:378fesat ðs ; P; S Þ=Pg
Bo ¼
Lv ðs ÞQsat ðs ; P; S Þ

[80] Andreas and Cash [1996] give equations for calculating Bo from (8). Because their derivation has some minor
inconsistencies, however, we rederive the equations here.
[81] For obtaining cp and Lv, we use the functions summarized by Andreas [2005]. For cp, the speciﬁc heat of air
at constant pressure,

ðA6Þ

where e0, A, and B are constants and P0 is a function of
pressure P. The required derivative in (A5) is thus simply

Appendix A: Calculating Bo

1 


A
;
Bþ

105



for   0 C

ðA2Þ

f ðS Þ ¼ 1  0:000537S;

ðA10Þ

where S is the salinity in psu.

Appendix B: Measurement Details

and
Ls ¼ ð28:34  0:00149Þ

105



for  < 0 C

ðA3Þ

In (A2) and (A3), Lv and Ls are in J kg1, and  is again
the temperature in  C.
[82] From the ideal gas law for dry air and water vapor,
the speciﬁc humidity (Q) can be written as [e.g., Andreas,
2005]
Q¼

0:622ðe=PÞ
;
1  0:378ðe=PÞ

ðA4Þ

where e is the vapor pressure and P is the barometric pressure. Here the constants are 0.622 ¼ Mw/Ma and
0.378 ¼ 1  Mw/Ma, where Mw (¼ 18:015 103 kg mol1 )
is the molecular weight of water and Ma
(¼ 28:9644 103 kg mol1 ) is the molecular weight of
dry air. The required derivative in (8) thus becomes
@Qsat
Qsat
@esat
¼
;
@
f1  0:378ðesat =PÞgesat @

where subscript sat denotes the values for saturation.

ðA5Þ

[86] For completeness, we brieﬂy discuss the instruments
and processing used to obtain the sensible and latent heat
ﬂuxes in our data set. The SHEBA, FASTEX, and Ice Station Weddell experiments (Table 1) used similar instruments. All three measured the three turbulent velocity
components and the turbulent ﬂuctuations in temperature
with sonic anemometer/thermometers. Ice Station Weddell
used a Lyman- hygrometer to measure the turbulent humidity ﬂuctuations; SHEBA and FASTEX used an Ophir
hygrometer.
[87] The temperature that a sonic anemometer/thermometer measures is the so-called sonic temperature, which has
a slight contribution from humidity [Schotanus et al.,
1983; Kaimal and Gaynor, 1991]. In the FASTEX data set,
sensible heat ﬂuxes were corrected for this humidity contribution [Persson et al., 2005]. Grachev et al. [2005]
explained that, in the SHEBA data set, this moisture correction was negligible because of the very small latent heat
ﬂuxes. Andreas et al. [1998] likewise showed that this
moisture correction is negligible when the Bowen ratio is
large, which translates to jBoj greater than roughly 0.5 for
the sea ice sets. Hence, there is no humidity correction in
the Ice Station Weddell sensible heat ﬂuxes [Andreas et al.,
2005], but the SHEBA sensible heat ﬂuxes do include this
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minor humidity correction [Persson et al., 2002; Grachev
et al., 2005].
[88] All of the aircraft listed in Table 1 used pressure
sensors to measure the turbulent velocity components
[Andreas et al., 2012] and platinum resistance thermometers or bead thermistors to measure the turbulent temperature ﬂuctuations. Therefore, no extra corrections are
necessary for the sensible heat ﬂuxes in these data sets.
[89] As with FASTEX, SHEBA, and Ice Station Weddell,
all of the aircraft in Table 1 measured the turbulent humidity
ﬂuctuations with optical absorption sensors: namely,
Lyman-, krypton, or ultraviolet hygrometers. Because all
such sensors yield water vapor density as the fundamental
measurement, the so-called Webb correction [Webb et al.,
1980; Fairall et al., 1996; Fuehrer and Friehe, 2002] can
be necessary if these densities are used directly for computing the latent heat ﬂux. Such corrections were made to the
latent heat ﬂuxes in the SHEBA, FASTEX, and Ice Station
Weddell data sets. It is unclear from Petersen and Renfrew
[2009] whether they made the Webb correction in their
GFDex set, but we used only 11 observations from this set.
[90] We processed the aircraft sets in Table 1 from
CARMA4 to TOGA COARE ourselves. For these, we
obviated the Webb correction by converting the raw water
vapor densities to speciﬁc humidities before any ﬂux
calculations.
[91] The HEXOS experiment used propeller anemometers to measure the turbulent velocity vector and thermocouples to measure the temperature ﬂuctuations. Thus, no
corrections to sensible heat ﬂux were necessary. The turbulent humidity ﬂuctuations were measured with both a
Lyman- hygrometer and wet and dry thermocouples. In
our analysis, when latent heat ﬂuxes from both the Lyman and wet and dry thermocouples were available for a
HEXOS run, we used the average of the two for HL.
[92] It is not clear whether DeCosmo et al. [1996] or
DeCosmo [1991] applied the Webb correction to their
latent heat ﬂux data. If they did not, we estimate that absolute values of errors in the reported latent hear ﬂuxes would
be at most 4 W m2 and would usually be much less.
Because all tabulated latent heat ﬂuxes in the HEXOS set
are larger than 4 W m2, a missing Webb correction would
not change the results in Table 2 and would have negligible
effects on Figures 4 and 6.
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