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1. INTRODUCTION
The Bowen ratio,

Bo ≡ Hs / HL ,

(1.1)

occurs repeatedly throughout micrometeorology
(e.g., Panofsky and Dutton 1984; Garratt 1992;
Lewis 1995). In (1.1), Hs is the turbulent surface
flux of sensible heat, and HL is the turbulent
surface flux of latent heat.
A common use for the Bowen ratio is in the
so-called Bowen ratio and energy budget method
(Fleagle and Businger 1980, p. 290f.; Brutsaert
1982, p. 210; Arya 1988, p. 191; Stull 1988, p.
430).
Other uses are in interpreting sonic
anemometer data (e.g., Schotanus et al. 1983)
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) and
Andreas (1988) showed how electromagnetic
propagation in the surface layer is sensitive to the
Bowen ratio.
In a bulk flux algorithm, the turbulent surface
heat fluxes are parameterized as (e.g., Fairall et
al. 1996; Andreas et al. 2010a, 2010b)

Hs = ρ c p CHr Sr ( Θs − Θr ) ,

(1.2a)

HL = ρ L v CEr Sr ( Qs − Qr ) .

(1.2b)

Here, ρ is the air density; cp, the specific heat of air
at constant pressure; Lv, the latent heat of
vaporization or sublimation; Sr, the effective wind
speed at reference height r; Θr and Qr, the
potential temperature and specific humidity at
height r; and Θs and Qs, the potential temperature
*
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and specific humidity at the surface. Finally, CHr
and CEr are the transfer coefficients for sensible
and latent heat, respectively, appropriate for
height r. In our convention, Hs and HL are positive
when the flux is from surface to air.
From (1.1) and (1.2), we see that the Bowen
ratio can also be expressed as

Bo =

c p CHr ( Θs − Θr )
L v CEr ( Qs − Qr )

.

(1.3)

Thus, if we know the gradients Θs − Θr and

Qs − Qr and have measured either Hs or HL
directly, we can calculate the other flux by knowing
the Bowen ratio. Notice also that the signs of
Θs − Θr and Qs − Qr dictate the signs of Hs, HL,
and Bo.
Over saturated surfaces, where we can
assume that Qs in (1.2) and (1.3) can be
calculated as the saturation humidity at
temperature Θs, the Bowen ratio is tightly
constrained. Typical saturated surfaces include
the open ocean, sea ice, large lakes, extensive
snow fields, and large glaciers.
Philip (1987) theoretically established this
constraint on the Bowen ratio for the case Hs > 0
and HL > 0 under the assumption that the nearsurface humidity was 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
evaluated all three of these constraints using data
collected over the open ocean, over sea ice, over
large lakes, and over snow-covered ground.
As an example of the value of this approach,
Jo et al. (2002) used it to publish a climatology of
the Bowen ratio for the world ocean. Their implied
objective was to provide a way to estimate both Hs
and HL over the ocean from satellite remote
sensing.
Here, we repeat some of the analyses in
Andreas and Cash (1996) but focus exclusively on
the Bowen ratio over sea ice. We have two large
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data sets for these analyses: from Ice Station
Weddell and from SHEBA, the year-long
experiment on the Surface Heat Budget of the
Arctic Ocean. As with Jo et al. (2002), one
potential application for our analysis is to infer the
turbulent heat flux terms in the surface energy
budget over sea ice from satellites.
2. CONTRAINTS ON THE BOWEN RATIO
Yet another way to formulate the sensible
and latent heat fluxes in the atmospheric surface
layer is with the turbulent diffusivities for
temperature and humidity, Kθ and Kq, respectively
(cf. Dyer 1974; Philip 1987):

Hs = − ρ c p K θ ( z ) ∂Θ / ∂z ,

(2.1a)

HL = − ρ L v K q ( z ) ∂Q / ∂z ,

(2.1b)

where z is the height. Because there is no
compelling evidence that Kθ and Kq are different
(e.g., Högström 1996), (2.1) reduces to

cp
Hs
= Bo =
.
HL
L v ∂Q / ∂Θ

(2.2)

Since Hs and HL are constants with height in
the atmospheric surface layer over a horizontally
homogeneous surface, ∂Q/∂Θ must be also. We
can thus evaluate it at the surface, which has
temperature Θs.
(The physical surface
temperature and the potential temperature Θs are
commonly taken to be the same over surfaces like
snow, sea ice, and the open ocean.) Moreover, if
the surface is saturated, ∂Q / ∂Θ Θ is the relation
s

for the saturation specific humidity.
following Philip (1987), we define

Bo* ≡

cp
L v ∂Qsat / ∂Θ Θ

FIG.1. Bo* from (2.3) as a function of surface
temperature, Θs.
For these calculations, the
barometric pressure was 1000 mb and the surface
salinity was zero. The discontinuity at Θs = 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 saturation
over water and the latent heat of evaporation for
temperatures above 0°C.

Hence,

Raupach (2001) formulated a theory of equilibrium
evaporation in terms of Bo*.
On assuming, for the case when Hs > 0 and
HL > 0, that the humidity above a saturated
surface is not above its saturation value, Philip
(1987) deduced

∂Qsat
∂Q
≥
∂Θ
∂Θ

.

Consequently, in this case, from (2.2)–(2.4),

Bo ≤ Bo* .

.

(2.3)

s

Andreas and Cash (1996) give the equations that
we use for calculating this quantity.
Figure 1 shows that Bo* is a strong function of
temperature because the saturation vapor
pressure—used in calculating ∂Qsat / ∂Θ Θ —is an
s

exponentially increasing function of temperature.
Priestley and Taylor (1972) and Hicks and Hess
(1977) used Bo* to estimate the Bowen ratio and
to predict evaporation over saturated surfaces.

(2.4)

Θs

(2.5)

Panel a in Fig. 2 graphically demonstrates
this argument. The heavy curved line is Qsat(Θ).
At Θs, the straight line tangent to the curve is
For Hs > 0 and HL > 0, the air
∂Qsat / ∂Θ Θ .
s

temperature and specific humidity must be in the
sector indicated by the shading.
Thus,
∂Q / ∂Θ ≥ ∂Qsat / ∂Θ Θ and Bo ≤ Bo*.
s

But 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.
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FIG 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: ∂Θ/∂z for
sensible heat, and ∂Q/∂z for latent heat. In each panel, the thicker, curved line is Qsat(Θ), the
relation for saturation in specific humidity. Θs is the surface temperature. The thin, straight line
tangent to the Qsat curve at Θs is ∂Qsat / ∂Θ Θ and is used in defining Bo*, (2.3). The shaded
s
areas show where the Q and Θ values above the surface must lie for the given gradients.
Heavy arrows indicate that Q or Θ must lie along these lines. The dot in panel e shows the only
values that Q and Θ can assume. Any values of Q and Θ that lie above the Qsat(Θ) line are
forbidden by our assumption that the near-surface air is not super-saturated.

Some combinations are forbidden under the
assumption of a saturated surface but no supersaturation above the surface: namely, the cases
in panels d, g, and h. The cases Hs = 0, HL > 0
(panel b) and Hs < 0, HL = 0 (panel f) are trivial
because Bo = 0 for the former and Bo = –∞ for the
latter. In the case Hs = 0, HL = 0 (panel e), Bo is
undefined.
Using arguments as above for the case
Hs > 0, HL > 0, Andreas (1989) showed that the
case Hs < 0, HL < 0 (panel i) also is constrained by
Bo*. But now the constraint (2.4) becomes

∂Qsat
∂Q
≤
∂Θ
∂Θ

.

(2.6)

Θs

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

Bo ≥ Bo* .

(2.7)

Finally, Andreas and Cash (1996) suggested
that, for the case Hs < 0, HL > 0 (panel c),
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Bo ≈ − Bo* .

(2.8)

FIG. 3. Sensible and latent heat fluxes as a function of surface layer
stratification, z/L, predicted by the winter sea ice algorithm of Andreas et al.
–1
(2010b). In all cases, the 10-m wind speed was 2 m s , the 10-m relative
humidity with respect to ice saturation 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 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.
Over the saturated surfaces that they studied,
Andreas and Cash (1996) found that three
regimes in Fig. 2 dominate: the cases Hs > 0,
HL > 0; Hs < 0, HL < 0; and Hs < 0, HL > 0 (panels
a, i, and c). Over 90% of the measured fluxes that
they analyzed fell into one of these combinations.
Figure 3 shows how these three flux
combinations 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 for a wide range in
atmospheric stratification, z/L, where L is the
Obukhov length and z is the reference height r in
(1.2). In unstable stratification, 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. Our flux algorithm
predicted no other combinations.
Andreas and Cash (1996) found that the
constraints (2.5), (2.7), and (2.8) were useful in
quantifying the Bowen ratio in these three

dominant flux regimes. We repeat some of their
analyses here using data from SHEBA and Ice
Station Weddell.
3. DATA
Other sources have already described the
SHEBA and Ice Station Weddell data in detail
(e.g., Persson et al. 2002; Andreas et al. 2002,
2004, 2005, 2010a, 2010b).
Briefly, SHEBA
featured the main Atmospheric Surface Flux
Group 20-m tower and 3–4 remote sites
instrumented with Flux-PAM (portable automated
mesonet) stations from the NCAR instrument pool
(Militzer et al. 1995).
The main tower measured the sensible heat
flux (Hs) with sonic anemometer/thermometers, the
potential temperature (Θ), and the specific
humidity (Q) hourly at five levels. We use the
median of each of these five values in our
analysis. The tower also measured the latent heat
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TABLE 1. Data used here come from Ice Station Weddell (ISW) and from four SHEBA sites:
the SHEBA Atmospheric Surface Flux Group tower, and three Flux-PAM sites (Atlanta,
Baltimore, and Florida). We consider two types of data: direct eddy-covariance measurements
of the sensible (Hs) and latent (HL) heat fluxes, and the signs of Hs and HL implied by the signs of
the measured surface-air potential temperature ( ∆Θ = Θs − Θr ) and specific humidity
( ∆Q = Qs − Qr ) differences. The “Number of Observations” tallies the hours of useful data from
each source. The three columns of flux regimes show the percentage of the observations in
each regime. The right column reports the percentage total of these three regimes.
Source

Number
of
Observations

Hs > 0
HL > 0
(%)

Hs < 0
HL < 0
(%)

Hs < 0
HL > 0
(%)

Total, these
three cases
(%)

From eddy-covariance measurements
SHEBA Tower

2859

36.4

31.0

25.8

93.2

ISW

1031

31.6

43.6

15.3

90.5

From measurements of ∆Θ and ∆Q
SHEBA Tower

7447

28.2

53.6

16.4

98.2

SHEBA Atlanta

5098

22.7

52.6

21.3

96.6

SHEBA Baltimore

4473

22.9

57.2

10.7

90.8

SHEBA Florida

5541

19.8

59.6

14.1

93.5

ISW

1782

8.1

80.3

9.3

97.7

flux (HL) at one level with an Ophir hygrometer in
combination with a nearby sonic. We obtained the
surface temperature (Θs) near the tower from uplooking and down-looking broadband longwave
radiometers.
Here, we also use data from the SHEBA
Flux-PAM sites named Atlanta, Baltimore, and
Florida since each of these had nearly year-long
records of hourly data. Although each of these
sites
measured
Hs
with
a
sonic
anemometer/thermometer, they did not make a
corresponding measurement of HL. Hence, we
use only the Θs − Θr and Qs − Qr values from
these. Each PAM station measured Θr and Qr at
one height. As with the tower data, we inferred Θs
and Qs for these sites from the up-looking and
down-looking longwave radiometers.
On Ice Station Weddell, we measured Hs and
HL
at
one
height
with
a
sonic
anemometer/thermometer and a Lyman-alpha
hygrometer. We measured the air temperature
and the dew point at the same height with a
platinum resistance thermometer and a cooled-

mirror dew-point hygrometer, respectively. The
surface temperature came from a Barnes PRT-5
precision radiation thermometer; we corrected this
measurement for the reflected incoming longwave
radiation.
We have approximately 11 months of data
from each of the SHEBA sites and about 95 days
of data from Ice Station Weddell. All data are
hourly averages.
4. FLUX REGIMES
To demonstrate the conceptual utility of Fig.
2, we sorted the SHEBA and Ice Station Weddell
data into flux regimes in Table 1. We have two
types of data. The main SHEBA tower and Ice
Station Weddell measured both Hs and HL with
eddy-covariance sensors. These results are the
first two lines in Table 1. From the SHEBA tower,
Ice Station Weddell, and the three SHEBA FluxPAM sites (Atlanta, Baltimore, and Florida), we
could also infer the signs of Hs and HL from
independent measurements of ∆Θ ≡ Θs − Θr and
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FIG 4. Values of the Bowen ratio calculated from values of Hs and HL measured hourly
on the SHEBA Atmospheric Surface Flux Group tower and on Ice Station Weddell are
compared with corresponding values of Bo* computed from (2.3). The plot is for cases
when Hs > 0 and HL > 0. The black circles are averages in Bo* bins, where there are four
bins per decade. The error bars are ±2 standard deviations. The black dashed line is
1:1; the red line is the best fit for which the power of Bo* is one, (5.1).

∆Q ≡ Qs − Qr [see (1.2)]. These results are in the
bottom five lines in Table 1.
In each of the seven datasets, the three flux
regimes Hs > 0, HL > 0; Hs < 0, HL < 0; and Hs < 0,
HL > 0 represent more than 90% of the
observations. The Hs < 0, HL < 0 combination was
the most prevalent case; Fig. 3 shows this regime
as all but the weakly stable region in the right
panel.
The other two common cases—Hs > 0, HL > 0
and Hs <0, HL > 0—typically occur 10–30% of the
time over sea ice and are associated with weakly
unstable or weakly stable stratification.
In creating flux algorithms for the SHEBA and
Ice Station Weddell data, Andreas et al. (2005,
2010a, 2010b) had screened the Hs, HL, ∆Θ, and
∆Q data and excluded small values that may have
been below the uncertainty limits of the
instruments. We have done no such screening
here because it might bias the results. For
example, Hs, HL, ∆Θ, and ∆Q are likely all small in
the Hs < 0, HL > 0 regime (see Fig. 3). In other
words, Table 1 is based on all available data.

5. Bo–Bo* RELATIONS
Figures 4, 5, and 6 show Bo versus Bo*—
based on the SHEBA and Ice Station Weddell
eddy-covariance measurements of Hs and HL—for
the three dominant flux combinations: Hs > 0,
HL > 0; Hs < 0, HL < 0; and Hs < 0, HL > 0,
respectively. In each figure, the red line is the
best fit through the data for which the power of Bo*
is one in these log-log plots.
Hence, for Hs > 0 and HL > 0,

Bo = ( 0.76 ± 0.09 ) Bo* ;

(5.1)

for Hs < and HL < 0,

Bo = ( 3.58 ± 0.57 ) Bo* ;

(5.2)

and for Hs < 0 and HL > 0,
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Bo = − (1.35 ± 0.31) Bo* .

(5.3)

FIG. 5. As in Fig. 4, except this shows cases for which Hs < 0 and HL < 0. The red line is (5.2).
The coefficients in these are somewhat different
from Andreas and Cash’s (1996) results, which
include cases over water for which Bo* was often
less than one.
The results (5.1), (5.2), and (5.3) do,
nevertheless, satisfy the constraints expressed in
(2.5), (2.7), and (2.8), respectively. That is, on
average, Bo < Bo * for the Hs > 0, HL > 0 regime;

eddy-covariance measurements of Hs and HL from
SHEBA and Ice Station Weddell, we confirmed
those constraints in Figs. 4, 5, and 6 and in
equations (5.1), (5.2), and (5.3).
The data in Figs. 4–6 are very scattered,
however; and the coefficients in (5.1)–(5.3) are all
close to one. We could therefore reasonably
simplify (5.1)–(5.3) into the single result

Bo > Bo* for the Hs < 0, HL < 0 regime; and
Bo ≈ − Bo* for the Hs < 0, HL > 0 regime.

Bo = Bo*

6. DISCUSSION AND CONCLUSIONS
As in Andreas and Cash’s (1996) analysis,
we likewise find that the sensible and latent heat
fluxes over saturated surfaces—in this case, Arctic
and Antarctic sea ice—occur predominantly in
three combinations: Hs > 0, HL > 0; Hs < 0, HL < 0;
and Hs < 0, HL > 0. In our 28,000 hours of data,
these three combinations represented 95% of the
cases. In essence, these are the only three nontrivial combinations that can occur when the
surface is saturated and the humidity above the
surface is not super-saturated.
In each of these three flux regimes, the
quantity Bo*, (2.3), provides a theoretical
constraint on the resulting Bowen ratio, Bo. Using

(6.1)

for all three flux regimes.
We envision several possible uses for these
results.
One is as a quality control on
measurements or estimates of Hs and HL. The
obtained values should have a climatology similar
to those in Table 1. The inferred Bowen ratio
should also depend on surface temperature as
predicted in (5.1)–(5.3).
In fact, (5.1)–(5.3) can supply an estimate of
the Bowen ratio in any of the many applications
that require it.
In particular, (5.1)–(5.3) provide relations
between sensible and latent heat fluxes that could
be key components for estimating the surface
energy budget over sea ice from satellites. For
example, Bentamy et al. (2003) demonstrated that
satellite sensors can yield estimates of wind speed
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FIG. 6. As in Fig. 4, except this shows cases for which Hs < 0 and HL > 0. Notice, the
vertical axis represents –Bo. The red line is (5.3).

and Qs − Qr over the open ocean; HL follows
immediately from (1.2b). And Hs could then easily
come from relationships like (1.1) and (5.1)–(5.3)
because surface temperature is a typical satellite
measurement. Moreover, satellites can provide
estimates of all the radiation components in the
surface energy budget. Finally, the remaining
term in the energy budget, the conductive flux to
the surface up from the snow and ice, could be
obtained with a simple heat conduction equation
and satellite measurements of water and ice
surface temperatures.
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